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Abstract
I'his PhD work focuses on spherical microlasers made from commercial and
experimental laser glasses. The laser light in a microsphere is confined in a
region called a whispering gallery mode, which has unique properties that allow
for many nonlinear effects to be observed with only sub-mW pump powers.
Efficient coupling of light into the microsphere is attained by using adiabatically
tapered fibres fabricated using various heating methods including a CO2 laser, a
sapphire tube furnace and electric heaters. However, the best result is obtained
using a fibre pulling rig with an oxy-butane torch as the heat source. This system
requires extreme control of the flames but can make fibres with diameters of 600
nm with low optical losses.
After the coupling system was perfected, the spectral and nonlinear
characteristics of the microsphere lasers were explored. Thermo-optically driven
bistability in Yb^/Er^^-doped phosphate glass microspheres at room temperature
was demonstrated. The bistability is associated with both Er^^ fluorescence and
lasing intensity behaviour, and chromatic switching. The influences of the host
matrix on lasing and fluorescence mechanisms were determined. An Yb^VEr^^doped phosphate glass microsphere was heated above its glass transition
temperature of 375”C purely by pumping it at 978 nm with 70 mW via a tapered
optical fiber. The onset of thermal stress in the glass at a maximum pumping
power results in the sphere melting and fusing to the taper coupler, without

VI

inhibition of whispering gallery mode lasing. A taper-fused microsphere laser
with 4.5 pW of lasing power at 1593 nm was demonstrated.
A multicolour microspherical glass light source was fabricated from an
erbium doped fluoride glass called ZBLALiP. Whispering gallery mode lasing
and upconversion processes give rise to laser and fluorescent emissions at
multiple wavelengths, from the ultraviolet to the infrared. Thirteen discrete
emissions ranging from 320 to 849 nm have been observed in the upconversion
spectrum. The primary processes responsible for the generation of the observed
wavelengths were identified and it was shown that this material has an improved
range of emissions over other erbium doped fluoride glasses. To collect the
broad range of wavelengths from a multicolour microspherical light source, a
separate multimode, half-taper fibre was used to out-couple the upconversion
spectrum over hundreds of nanometers, indicating the suitability of this scheme
as a miniature device with a 450-nm-wide band and reasonable output coupling
efficiency.
Finally, a method to spatially confine or corral the movements of a
micropendulum via the optical forces produced by two simultaneously excited
optical modes of a photonic molecule was proposed. The photonic molecule
comprises two microspherical cavities.

The cavity enhanced optical force

generated in the photonic molecule was numerically calculated. This force
creates an optomechanical potential of approximately 5 eV deep and 10 pm
wide, which can be used to trap the pendulum at any given equilibrium position
by a simple ehoice of the frequencies of the laser light. This can lead to the
development of opto-mechanically actuated systems for photonics circuits.
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Chapter 1
Historical Background
1.1

Introduction

In this chapter the historical background of whispering gallery resonators (WGRs)
is discussed, starting from observations made in the acoustical domain to the idea
of continuous total internal reflection of light. Maxwell’s description of light and
Mie resonances were used to deseribe the propagation of light in mieron-sized
WGRs and this led to the development of whispering gallery lasers, relying on the
same principles as standard laser design.

Finally, the modem advances and

applications of whispering gallery resonators are highlighted.

1.2

Historical background

The idea of continuous total internal reflection of waves was first eonsidered to
explain the observation of aeoustical phenomenon in whispering galleries.

A

whispering gallery is, typieally, a circular part of a building, such as a dome or
curved eorridor (see figure 1-1). When a person whispers against the wall of a
whispering gallery another person at the end will be able to hear what is being

said, even though the distance between them is large.

There are over ten

acoustical whispering galleries around the world, the oldest of which is in china
(1400 BC) and the largest of which is in St. Peters, Vatican City. The first
scientific report on the effect was given by Lord Rayleigh in 1912 in his paper on
“The problem of the whispering gallery” [1,2]. In a whispering gallery, sound
waves that bounce off a curved surface with minimal diffraction are efficiently
reflected so that they strike the wall again at the same angle and, thereby, travel
along the surface of the wall.

Figure 1-1; Whispering galleries from around the world. From left to right: The Gol Gumbaz in
Bijapur, India, St Paul’s Cathedral in London, UK and the Temple of Heaven in Beijing, China.

In the 1860’s James Clerk Maxwell used Gauss’s Laws for electricity and
magnetism, Faraday’s Law and a corrected Ampere’s Law to show that light is an
electromagnetic wave travelling at a speed of 3x10* m/s [3, 4].

A classical

electromagnetic wave ean undergo reflection, refraction and diffraction just like
an acoustical wave. The idea that a light wave may be guided by continuous total
reflection was first demonstrated by Daniel Colladon and Jacques Babinet in Paris
in the 1840’s [5] and the effect was popularized by John Tyndall [6], who
demonstrated light guided in a curved fountain of water.

Light guidance by

continuous total internal reflection is the principle behind modem optical fibre
communications, where the tube of water is replaced by a tube of glass several

microns in diameter. The first practical optical fibre was devised by O’ Brien and
Kapany at the American Optical Company in 1956 and the tenn ''fibre optics"
was first used [7] for the light waveguides. If the path of a waveguide is curv'ed,
the position of the optical mode propagating through the guide moves from the
centre of the waveguide towards the outer surface. If the path is curved below a
certain minimum radius the normal optical mode becomes a "whispering gallery"
mode (WGM) and the waveguide is called a whispering gallery waveguide, e.g. a
light ray in a normal waveguide, such as an optical fibre, requires reflection from
two surfaces (inner and outer) to propagate. A light ray in a whispering gallery
wave guide requires reflection from the curved outer surface only.
An optical cavity or resonator is a device that creates constructive
interference of light, which results in a standing wave. The simplest type of
optical cavity is the Fabry-Perot interferometer, which has been used in optics
since the early 1900’s. The Fabry-Perot interferometer consists of two parallel
mirrors between which a ray of light bounces as it moves through the device [8].
Maximum transmission occurs when the optical path length difference between
each transmitted beam is an integer multiple of the wavelength, i.e. when the light
is resonant in the cavity. Optical resonances in spherical cavities were studied by
Gustav Mie in 1908 [9]; he used Maxwell’s equations to determine the scattering
spectra of plane electromagnetic waves by small particles that were considered to
be spherical in shape. Sharp lines in the scattering spectra corresponded to the
optical paths in the spherical particle that are resonant wavelengths and represent
WGMs in the sphere. These spherical cavity resonances can have high quality
factors {Q factors), i.e. they have very narrow spectral linewidths and large

intensities. Optical cavities that support these resonant WGMs are today called
whispering gallery resonators (WGRs).
There are several critical elements needed for laser light generation: a
pump source, an active (gain) medium whose atoms can be excited into a longlived high energy state and an optical cavity as described above.

The pump

source provides energy to the active medium (electronically, optically or
chemically) and the emitted radiation undergoes multiple reflections within the
cavity, resulting in amplification of the light within the active medium through
stimulated emissions. In the 1930’s, Einstein used his rate equations to show that
it is possible to obtain population inversion in large ensembles of atoms [10] by
shining light of a specific frequency onto the atoms. He showed that the excited
atoms in certain materials can be stimulated to de-excite by interaction with a
photon of the same energy as the excited state. Each stimulated emission creates
a photon with the same wavelength and the same direction of propagation as the
stimulating photon. In 1958 researchers in Bell Labs used a microwave resonator
to achieve population inversion in a volume of ammonia gas. The result was the
world’s first MASER (Microwave Amplification by Stimulated Emission of
Radiation) device [11], the precursor of the laser.

This technique was

subsequently extended into the optical domain by achieving population inversion
in a ruby rod optically pumped by a Xeon lamp [12] in 1960. Resonance of the
stimulated emission was achieved by placing mirrors on each end of the ruby rod,
thereby forming a cavity, and an output signal was observed by making the centre
of one of the mirrors slightly transparent. This was the birth of the laser, a device
that outputs a tightly confined intense beam of monochromatic, coherent light.
Since then there have been many advances in laser technology. After the ruby

laser various gas lasers [13, 14] (HeNe, CO2), dye lasers [15, 16] and solid state
diode lasers were developed [17]. Rare earth ions such as ytterbium, erbium,
samarium, neodymium and thulium are now popular optical gain dopants in
modem solid state lasers [18-22].

One of the more novel lasers developed

consisted of dye-doped edible gelatine that could be cut with a knife into a variety
of sizes and shapes [23]. The first demonstration of a spherically s>anmetric, rare
earth doped, solid, whispering gallery resonator undergoing lasing action was
presented over forty years ago [24]. Samarium doped CaF2 glass spheres, with
diameters of a few millimetres, were pumped by a Xenon flashtube.

Interest in

the study and application of these spherical microcavities as potential laser
sources developed from this point.

The first continuous wave (CW) laser

oscillation in a solid state sphere was demonstrated with Nd:YAG spheres of 5
mm in diameter and a lasing threshold of 100 mW [25].

In the last few years,

the size of spherical microcavities has been reduced to tens of microns, while
lasing thresholds are now of the order of pW, thus allowing for the observation of
many optical effects using sub mW pump powers [26-28]. The next section
details the state-of-the-art of WGRs and how they have developed into useful
tools for fundamental research such as cavity quantum electrodynamics (cQED)
and applied fields such as optical sensing and photonic engineering.

1.3

State-of-the-art

The need for smaller WGRs is driven by the desire to excite only whispering
gallery modes with high spatial confinement; smaller cavities also have lower
mode densities and higher optical finesse. A smaller mode volume increases the
density of the photons in the modes, which, in turn, can reduce the threshold of
many nonlinear effects [29], such as Raman lasing [30], Brillouin scattering [31]
and 4-photon excited state absorption [32]. IR lasing has been detected from
InGaAs microdisks with diameters as small as 4.2 pm [33]. It has also been
suggested that a reduced lasing threshold may be possible in a coupled twin
microdisk configuration that has low polar order numbers [34]. Besides this, the
need to develop smaller devices for photonic circuit integration is always high.
An obvious question is how can one efficiently and controllably couple light
into or out of micron-sized WGRs? Initially, light was coupled into WGRs, such
as microspheres, using a free space laser beam focused on to the edge of the
microsphere. This type of coupling is described by Mie scattering formalism [35]
[36]. Because of the small scattering cross-section of a microsphere compared to
the cross-section of the beam the interaction between the two is small.

The

quality (Q) limit of real mierospheres, and the parasitic coupling losses, further
reduces the coupling efficiency from a beam of light [37]. Negligible coupling
into selected high Q modes of a microsphere using a free spaee beam render this
technique useless for most praetical applications.
The demonstration of efficient eoupling via the overlap of evanescent fields
[38-40] heralded a major breakthrough in light coupling techniques. The input
pump beam undergoes total internal reflection on a material-air interfaee, e.g. by

passing the beam through a prism. An evanescent field component is generated
on the surface of the prism and, when the WGR is placed in the evanescent field,
pump photons are transferred into and out of the WGR via the evanescent field.
In this case, optimal coupling is achieved by varying the gap between the prism
surface and the WGR [41].

Alternative types of evanescent couplers include

angle polished fibre tips [42], polished fibre blocks [43], planar wave guides [44]
and tapered optical fibres [45]. The maximum coupling efficiency achievable
with a planar device, such as a prism, is typically 80% - 90%; the loss is due to
phase mismatch which is inherent in this type of coupler.

However, almost

perfect coupling (99.99%) can be achieved using an adiabatically tapered optical
fibre [45], this means single mode coupling to selective high Q modes of a WGR
can now be achieved.

This enables the study of nonlinear effects, under

extremely well controlled conditions, with only a few mW of pump power.
Critical coupling' of a WGR is possible in the laboratory and is a very sensitive
technique for studying many different types of interactions from single atom
detection to optomechanics.

However, the development of easy-to-manage,

micron-sized WGR devices is still at the very early stages due to the difficulty in
developing robust coupling that does not severely reduce the overall quality of the
system.

One possible solution would be the use of embedded WGRs,

evanescently coupled to ridge style waveguides [46]. Another disadvantage of
micron-sized WGRs, is their limited tuning ability since the cavity size is fixed.
Using various techniques, primarily relying on heating or strain, tuning ranges up
to 450 GHz have been demonstrated [47-49]. However, each tuning method has
its own particular advantages and/or disadvantages.

Critical coupling is when the intrinsic cavity losses equal the parasitic losses due to coupling.

1.3.1

Applications

There has been a wide range of applications for whispering gallery mode
resonators in fields as varied as optical networks to bio-sensing. The remarkable
coupling efficiency and the high Q of WGRs makes them ideal candidates as
narrow linewidth optical filters and, as a result, their use as unique tools in
wavelength division multiplexing (WDM) applications [50, 51] has been
highlighted. A fibre coupled microsphere has already been used as a basic add
drop filter [52]. Electromagnetic induced transparency (EIT) in multiple, intercoupled microspheres has also been proposed as a means of achieving a tuneable
optical delay system [53].

Narrowing of a diode laser linewidth by external

optical feedback from a prism coupled silica microsphere has also been
successfully demonstrated [54]. In this work, the authors also discussed various
schemes to integrate a microsphere resonator onto a diode laser. Feron made a
further step towards a more compact system by using a microsphere resonator as a
feedback element for a fibre pigtailed diode laser [55], where the pigtail was
tapered and coupled to the microsphere. The high Q wavelength selectivity of the
microsphere enabled linewidth narrowing of the diode laser output from 35 MHz
to under 100 kHz. The integration of the microsphere into photonic circuits has
also become a popular research goal; for example, microsphere resonator mode
characterization using a strip-line pedestal, anti-resonant reflecting, optical
waveguide (SPARROW) has been realised [56]. The robust device achieved a
value of 10 MHz band pass optical filtering around 1550 nm with 98% efficiency.
The device was then set up as a novel micro-acceleration sensor; the induced
motion of the microsphere was monitored as changes in the positions of the
characteristic resonances [57].

WGRs have unique features which also make them attractive tools for
microphotonic sensing applications [58]. One key feature is the strong evanescent
field that extends from and propagates along the surface of the resonator, through
which internal modes can interact with the external environment. By coating the
surface of the sphere with an appropriate agent, molecular species in the
surrounding medium can be attracted to the WGR surface, where they interact
with the evanescent field and cause a change in the transmitted signal through the
fibre coupler. A microsphere resonator based biosensor, which used aptamer as a
receptor was used for the measurement of the biomolecule thrombin [59].
Enhancement of WGR biosensor sensitivity to NaCl can be achieved by adding a
nanolayer of polyst>Tene to the surface, thereby enabling the detection of NaCl
down to a concentration of 0.1 mg/ml [60]. Another type of WGR sensor that has
been demonstrated is a refractometric detector made from a thin cylindrical
capillary [61]. More recently, a fibre coupled, hollow microsphere was used as a
micro force sensor with a sensitivity as high as d?JdF = 7.664 nm/N [62].
Temperature measurements are also possible using fibre coupled microspheres
[63]. Coating of evanescent couplers with a thin metallic layer has been shown to
improve the coupling to WGRs [64] and, similarly, the evanescent field of the
device can be enhanced. Recently, nanojets emitted from a microsphere in an
optical trap were used to obtain near-field Raman images with a spatial resolution
of 80 nm [65]. The surface of whispering gallery microsphere has been probed
using a scanning near field optical microscope (SNOM), from which it was
possible to observe the nodes and anti-nodes of the light field along the mode path
[66]. A SNOM probe with a nanoparticle attached was then used to control the

Aptamers are molecules that bind a specific target molecule.

coupling rate between counter propagating modes in a microsphere in a classical
analogy of the interaction between a single atom and a high Q cavity [67].
Broadband optical absorbance spectroscopy using a whispering gallery mode
microsphere resonator measured the absorbance of solutions of dyes, aromatic
molecules, and biological molecules at visible and ultraviolet wavelengths [68].

1.3.2

Cavity quantum electrodynamics (cQED)

A fundamental interaction in nature is that which occurs between light and mater.
Research in this area has focussed on atoms passing through high Q Fabry-Perot
cavities; the atoms absorb and emit photons in the cavity and can be detected via
the light leaking out of the cavity [69]. Typically, such work requires lasercooled atoms, which can be transported to the optical cavity by various methods,
e.g. by switching off the magnetic field in the magneto-optical trap and letting the
atoms fall through the cavity under gravity [70]. Atoms can also be guided along
current carrying wires and optical waveguides which offer a higher degree of
precision and confinement [71]. Although high ^-factors can be achieved in
miniature Fabry-Perot cavities based on two dielectric mirrors [69], this type of
cavity still poses many challenges in terms of integration onto devices such as
atom chips and integrated photonic circuits. Recent work has demonstrated a
micron-sized Fabry-Perot cavity made from the end facets of optical fibres [72].
This type of cavity has as a smaller mode volume than the smallest traditional
Fabry-Perot. However, the finesse and circulating intensity are also lower. An
alternative to the Fabry-Perot cavity could be the solid whispering gallery mode
resonator.

The extreme confinement of light in such ultrahigh Q cavities

produees a high intensity evanescent field through which single atoms could
interact with the internal cavity field. The interaction between single cold atoms
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passing through the evanescent field of a fibre coupled WGR was observed in
1998 [73,74].

1.3.3

Optomechanical systems

Micro-electro-mechanical systems (MEMS) and nano-electro-mechanical systems
(NEMS) have been commercially available for a number of years [75]. These
systems rely on integrated electrical circuits and electric currents to generate
electrostatic force interactions on dielectric micromechanical systems, such as
silica micro cantilevers [76]. In the 1980’s laser beams were used to thermooptically actuate various structures such as diaphragms [77] and beams [78].
Later, electron-hole pair recombination induced stress actuation of an optically
pumped semiconductor MEMs was demonstrated [79, 80].

The existence of

photon pressure was experimentally verified in 1901 [81].

Almost 100 years

later, photon pressure actuation of a MEMS device [82] and photon pressure
actuation of an ultra-thin single crystal silicion cantilever were achieved [83].
The optical force between two dielectric bodies can be increased if one or both of
the bodies are in the form of an optical resonator such as a WGR.

A Si02

microdisk, pumped via a tapered optical fibre, was used to show how the dipole
force between two dielectric bodies can be enhanced by an optical microresonator
[84]. During the experiment a narrow linewidth probe laser was scanned across a
cavity resonance, causing a sudden build up of optical power in the cavity. The
resulting dipole force (of the order of pN) pushed the fibre away from the cavity,
reaching a maximum displacement of 1.1 pm for a launched pump power of 2.5
mW.

Optical bonding of two dielectric waveguides has been investigated

theoretically [85, 86] and the optical force between two co-resonant microcavities,
i.e. a photonic molecule, has also been studied [87, 88]. It has been shown that
II

the co-resonant modes of a photonie molecule are split into symmetric and anti
symmetric components. Exciting the symmetric mode produces a negative force,
v/hile exciting the anti-symmetric mode produces a positive force. Exciting both
modes creates a potential into which both cavities self-stabilise and are bound
[89]. This earlier work shows how the control of macroscopic objects may be
achieved on a pm scale using only light. More recently, the optical force was
experimentally measured and used to create all-optical actuation of a suspended
microbeam. The system was fabricated on a CMOS chip to demonstrate
compatibility with current integrated devices [90].

1.3.4

Optomechanical cooling

Maxwell predicted that light should have a mechanical momentum, p = mass x
velocity.

Photon pressure on solid bodies was first measured empirically by

Lebedev in 1901 [81], thus providing the first experimental proof of Maxwell’s
equations. The radiometer device used by Lebedev was later refined by Nichols
and Hull in 1903 [91]. Direct experimental evidence of photon pressure was
made in 1933 [92]. The experiment used a hard vacuum to eliminate radiometric
action and measured the photon flux density within +4% to -3% of the predicted
value given by Maxwell. Photon pressure is very weak and is considered to be
negligible in most situations. However, in very sensitive devices, such as large
scale interferometers used for gravitational wave detectors, the effect of photon
momentum cannot be ignored [93]. The motion of a movable mirror (pendulum)
in an optical interferometer due to photon pressure, results in optical bistability
and optical confinement of the Brownian motion of the mirror [94]. As the input
laser power increases, the mirror position moves and brings the system closer to
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resonance, which in turn increases the radiation pressure. At high laser power the
force of the radiation pressure is balanced by the pendulum spring constant,
creating stable equilibrium points about which the natural motion of the pendulum
is reduced [95-97]. The idea of cooling vibrational modes in macroscopic bodies
has recently been extended to Fabry-Perot cavities [98], cantilevers [99, 100] and
nano-membranes [101].
The effect of photon pressure has also been seen in micron-sized dielectric
WGRs [102-104]. The intensity of the transmitted light from a critically coupled
WGR is very sensitive to small changes in the coupling condition. The light
travelling in the WGM of a WGR exerts a radial pressure on the surface of the
cavity [102]. This radial light pressure can cause oscillations of the cavity, i.e. the
resonator expands and contracts or wobbles.

The photon pressure induced

oscillations of the resonator alters the coupling condition to the cavity and this is
observed as a modulation of the transmitted light signal. The frequency spectrum
of this modulation reveals the mechanical vibrational modes of the WGR [105].
Some modes in the mechanical frequency spectrum are rotationally symmetric,
i.e. they have a large centre peak with a roughly equal number of smaller side
bands.

By detuning the laser across the optical cavity resonance it is possible to

excite the sidebands of the mechanical modes. When the laser is red detuned, the
cavity resonance reduces scattering into the low frequency mechanical side mode
and increases scattering into the high frequency mechanical side mode.

This

induced asymmetry of the mechanical mode structure produces a net transfer of
energy from the mechanical mode into the optical mode. This process cools the
mechanical mode of the cavity, the cooling is detected as an increase in the
mechanical mode linewidth and a reduction in the mechanical mode amplitude
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[106]. The opposite is tme for blue detuning. In this case, the cavity enhances
the high frequency mechanical side mode and decreases scattering into the low
frequency m*echanical side mode. This leads to a transfer of optical energy into
the mechanical mode resulting in amplification or heating of the mode [106]. A
comprehensive review of this new field of cavity optomechanics was given by
Kippenberg and Vahala [107].

High resolution spectroscopy of the photon

pressure induced mechanical side modes is possible if the cavity decay rate is
much larger than the mechanical mode frequency. This was achieved using a
high

Q, low mode volume, microtoroid resonator [108].

The resolved side band

cooling allows a much higher degree of control of the energy transfer between the
mechanical and optical modes.

In order to create more desirable mechanical

properties a novel WGR geometry was recently developed [109]. The WGR is a
monolithic, spoke-supported, silica resonator comprised of a toroidal boundary.
The device has reduced clamping losses, very high mechanical quality factors and
ultra high optical finesse, placing it deep into the resolved side band cooling
regime and a step closer to a direct observation of the quantum standard limit
[110,

111].
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1.4.

Summary

The historical background to the development of micron-sized dielectric WGR
lasers was briefly summarised. The state-of-the-art has grown from novel optical
resonators to the ultrahigh Q cavities that are now used to challenge conventional
understanding of the fundamental properties of nature, from cQED to the quantum
mechanical features of macroscopic bodies. The state-of-the-art section focussed
on some of the many applied fields of research where WGRs have been employed
such as photonic engineering and optical sensing.

In the next chapter the

structure of the electromagnetic fields in glass microspheres will be discussed.
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Chapter 2
Optical Properties of
Microsphere Resonators^
2.1

Introduction

Mie “theory” is used to calculate the scattering and absorption spectra from small
dielectric particles. The Mie fonnulism assumes the sphere is illuminated by a
monochromatic plane wave. Intensity peaks in the scattered spectra correspond to
whispering gallery modes within the sphere and Maxwell’s equations, which can
be set for specific boundary conditions, are used to describe the electromagnetic
structure of these modes. For example, by introducing harmonic time dependence
for light in a charge-free, isotropic medium. Maxwell’s equations can be written
as the Helmholtz equation, which is solvable by the separation of variables
approach. Starting with the Helmholtz equation, a detailed description of light
propagation in whispering gallery resonators is presented with emphasis placed on
Work presented in this chapter has been published in: B. J. Shortt, J. Ward, D. O’Shea and S. Nic
Chormaic, “Spectral characterisation of erbium doped microspherical lasers", Proc. SPIE Vol.

6187,618708 (2006).
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spherical glass microresonators (i.e. microspheres). First, a brief description of
the geometric model for light propagation is provided and then the distribution of
the electromagnetic energy in the whispering gallery mode of a microsphere is
discussed. The optical properties of a resonator are detennined by conditions that
are either intrinsic to the cavity or external to the cavity. The numerous factors
that affect the quality of the microsphere and give rise to optical losses within a
WGM are reviewed in detail. Basic parameters that describe the condition of the
microspherical cavity, such as the free spectral range, finesse, eccentricity and
quality factor are measured experimentally.

2.2

Geometric model

Consider a light ray travelling inside a glass microsphere; the ray can strike the
glass-air interface at an angle of incidence greater than the critical angle as
described by Snell’s law. The symmetry of the spherical cavity ensures that each
time the light is reflected off the interface the same behaviour is repeated. As a
result the light undergoes continuous TIR on its path around the sphere. In the
case of large microspheres, i.e. the radius,

, of the sphere is far greater than the

wavelength of the propagating light, T, the light ray will be trapped inside the
sphere via this mechanism and will, therefore, propagate continuously around the
inside wall giving rise to a standing wave (see figure 2-1).
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Figure 2-1; An illustration of light rays undergoing continuous total internal reflection in a sphere
of radius, d^.

The integer number of light wavelengths that are contained in a single revolution
around the sphere is approximately denoted by the mode number, /.

The

magnitude of the momentum, /?, of a photon is p = hk = 27tti/A where h is
Planck’s constant divided by In and k is the wavenumber. The magnitude of the
angular momentum of the photon, hi, when it strikes the surface with near
glancing incidence, is hi = 2ntw^d J X, where rig is the refractive index of the
sphere [112]. Thus, the integer, /, is the angular momentum of the photon of unit
h. Another important variable used to describe the resonance condition is the
size parameter, given by A" = 2nd^ / X, which relates the wavelength of the light
to the radius of the sphere.
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2.3

Electromagnetic model

The electromagnetic field patterns in a microsphere can be described using the
Helmholtz equation [112-114] such that

vV+^V = 0,

(2.01)

where y/ = \f/{r,0^(l)) is the transverse electric (TE) or transverse magnetic (TM)
component of the light field in the radial, r, azimuthal, 6 and polar, (f), directions
of the spherical coordinate system.

is the Laplacian operator in spherical polar

coordinates.
1

r' Sr\

Sr

d (.

sin 6 SO

^ 5 \

sin 6

SO )

+

1

r sin 0 SS

. (2.02)

Therefore equation 2.01 can be written as
1

d (

' dr

2

Sr

sin ^ do

sin 0

Sy/

1
S^y/
+ A-V = 0.
sin ^ S(p^

(2.03)

Equation 2.03 can be treated as three partial differentials by substituting
y/{r,0,(p)= /?(r),0(^),O(^) then dividing through by y?0O and multiplying by
r^ such that
( . SR\
R dr V Sr )

1
0
1
S ( . ^SQ\ -H---------------—^-hAV
sin 0
O sin 0 SO [
SO j O sin ^ ScJ)

= 0.(2.04)

The first terni in equation 2.04 depends only on r, while the last two tenus depend
only on ({) and 0. To separate the first term from the last two, equation 2.04 must
be made equal to a constant, say 0^. The first term then becomes
S ( , SR
Sr
Sr

- i^,R +
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=

0 ,

(2.05)

where

=/(/ + !), for single value outeomes

/ = 1,2,3,4...

The radial

component, R(r), therefore has the form
2^^ + [a-V^ -/(/ + 1)]r = 0
dr I
Sr

(2.06)

One solution to equation 2.06 is

R =

TT
j \{kr)
2 At /+

(2.07)

where j , is a spherical Bessel function of the first kind.
'^2

The last two tenns in equation 2.04 become
se^
sin
___ 6 — H---------------------------r—h A ^ + z7 — 0 ,
56 ) O sin 6 5<j)

1

0 sin ^

where 0 and Omust satisfy

(2.08)

= /(/ + !). Equation 2.08 is multiplied across by

(sin 6if and substituting in z^ = /(/ + 1) one obtains
6 5
0

56

( .

^ ^0 ^

sin 6

56

+ /(/ + 1) sin ^6

+

1 5^<^
= 0 . (2.09)
(D 55 ^

To separate the polar and azimuthal components from each other, another
separation constant -m^ is introduced. The azimuthal component O(^) is then
described by the following equation
5^^
+
~w

= 0.

(2.10)

Equation 2.10 has two linearly independent solutions: 0^^^=sin(w^) and
= cos(m^), where m is an integer. The polar component S{6) can be
expressed as
20

s(

m
1
(■
siny— + /(/ + !)-0=0
sa)
sin 6 dO 1
sin 6

(2.11)

A solution to equation 2.11 is 0 = P/''(cos^), where P/" is the associated
Legendre polynomial. The solutions to the scalar wave equation can now be
written as
^sm{m^)p;{cosa)j"

(2.12)

r„„; =cos(m(Z>)P,"(cos6')y;'

(2.13)

and

and

are the even and odd solutions of equation 2.10. Although the

modes are three dimensional, the angular field dependence can be summarised by
spherical harmonics corresponding to the transverse electric and transverse
magnetic components of the sphere’s electromagnetic fields. Spherical Bessel
(Hankel) functions describe the radial field inside (outside) the sphere and are
given as [112,115]

E^^{r,0,(P) =

r <d

J,{nskr)Y
1
j,(n^kr)h;'\kr)lh^'\ka)Y,„(0,<p)
( )

^

r > d.

(2.14)

(2.15)

S™(..^,^) = {

(2.16)

E (r, 0,(/>) = - —— V X B{r, 0, (t>),
£{r)k

(2.17)

UUBtiwteotTKknoloSar
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Cor

where the/^ (/?/'*) are spherical Bessel functions (Hankel functions of the first
kind) of order / and

is a vector spherical harmonic function (incorporating the

associated Legendre polynomial).

These latter two functions describe the

sinusoidal nature of the field and correspond to reflections of the ray off the
sphere’s surface. The vector solutions for r > ds have an imaginary component
and are evanescent in nature.

The strength of the evanescent field decays

exponentially from the sphere’s surface.
Three mode numbers n, /, and m are used to characterise the radial,
azimuthal and polar components of the electromagnetic field. Mode number n {n
= 1, 2, 3...) gives the number of maxima in the radial electromagnetic field
distribution. The mode number, /, describes the field intensity distribution in the
polar or longitudinal direction and can take values / = 0, 1,2... Finally, mode
number, m (where m =/

-

1,..., 0,...,

/

+ 1, / ), describes the number of

maxima in the sinusoidal variation of the field intensity in the equatorial or
azimuthal direction, -m signifies counter propagating modes. The number of
maxima present in the polar field distribution is given by l-\m\ + 1. For minimal
mode volumes n should be small and w ~ /, i.e. the fundamental mode is excited.
The mode volume, which is smallest for the fundamental mode, increases for
higher mode structures. In the geometrical optics picture, the fundamental mode
represents a ray with the smallest reflection angle and the lowest diffraction
losses.
To determine the resonant wavelength of the sphere, the continuity of the
tangential components of the electric and magnetic fields at the sphere’s surface
must satisfy a characteristic equation and the position and width of the resonances
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are obtaned by numerically solving this equation [114-116].

The characteristic

equatior is

hj"{kdj

(2.18)

where i is the polarization (equal to 1 for TM modes and 0 for TE modes) and
is the sphere’s radius.

The prime denotes differentiation with respect to the

argument. The solution to equation 2.18 yields discrete values of frequency at
which resonances are possible. In practice, the locations of these resonances are
found by scanning a tuneable diode laser over the free spectral range of the sphere
or by looking at the scattered light from a microsphere illuminated by a plane
wave. Mathematically, the solution to equation 2.18 requires a significant amount
of computational time as the resonances have sharp Lorentzian line-shapes.
Schiller [117] provides an asymptotic formula to yield an approximation for the
resonance frequency in terms of the size parameter, X]''\

^(n) _

^n

"o

r

3

I

«A2

where dj = / +1 / 2 , n^.^, =

with Us the refractive index of the sphere and ria

the refractive index of the surrounding medium, and
function.

(2.19)

is the nth zero of the Airy

The coefficients of the expansion are given by the polarization

dependant terni, i^{n^,g,^), which can be expanded up to <2 = 8.

Identification

of these resonances is achieved experimentally by measuring the separations of
the resonance frequencies Xj"^ //

. The widths of the resonances at FWHM,

are given by [ 118]
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(2.20)

where /?/ is the spherical Neumann function, and
TE

-

h.. =

(77/-l)[w^/«/-1)]

where u =

^

2 21)

( .

TM

’ ^2 = ^ +1 / 2 with x evaluated at

. Figure 2-2 is a cross-

section plot of the radial component, E™ (r) of a WGM in a microsphere for the
n = 1 fundamental mode and for the n = 3 fundamental mode (see equations 2.14
to 2.17) and the resonance frequencies are found using equation 2.19. The radial
plots reveal the evanescent field at the glass-air interface and it is seen to extend
about 1 pm from the sphere surface.

Figure 2-2: Radial profile of a WGM for

I = m = 60 with n

= \ and

n=3.

The dashed red

line is the glass/air interface. The sphere radius is normalised to unity.

The equatorial cross-section of a fundamental ( / = m = 60) TM WGM with one
radial node (« = 1) is depicted in figure 2-3(a). The same mode is plotted again in
figure 2-3(b) but with three radial nodes (77 = 3).
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Figure 2-3; Calculated intensity distribution of the TM mode in the equatorial plane (a) for
n = 1 and / = w = 60 with Xj'^^ = 48.531 and (b) for n = 3 and I = m = 60 v/ith xj"^ = 53.8137.
The wavelength is 980 nm and the sphere radius is normalized to unity in both cases.
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2.4

Eccentricity and degeneracy lifting

The fundamental mode of the microsphere cavity is located in the microsphere’s
equatorial plane. If the mode in a perfect sphere travels with a greater inclination
with respect to the equator, it will still have the same resonant wavelength. In a
perfect sphere, the path lengths for all modes are equal, i.e. they are frequency
degenerate. Therefore, the mode number, m, is not needed when describing the
resonance position. In other words, the different m components (different ray
angles in the geometric ray model) of a given mode have 11+1 degeneracy, so that
the mode numbers n and / are sufficient to describe the WGM. In reality, some
ellipticity exists in the sphere which removes this degeneracy.

In a slightly

defomied sphere, not all the path lengths are equal, so different parts of the mode
have slightly different paths and their own individual resonant wavelengths, m.
The separation between successive azimuthal components (Am = m„„,/ -

)

corresponds to the amount of spherical defonnation or eccentricity e [119] in the
sphere, given by

e=

^Af Y
ecc

V

(2.22)

A m

where Af^^^ is the frequency separation between azimuthal modes and

is the

angular frequency of the mode. The spheres used in these studies have radii in the
range 10-150 pm with <5 % ellipticity (measured experimentally).

Figures 2-

4(a) and 2-4(b) are polar plots of the fundamental modes, / =m, of a perfect
sphere but with different radial numbers, n.

Deviation from a perfect sphere

causes splitting of the mode in the polar direction.

The number of maxima

present in the polar field distribution is given by /- | m | -t-1. Figure 2-4(c) is the
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polar mode distribution of a slightly deformed sphere where not all the path
lengths are equal. Here the introduction of one m component (/- | m | +1 = 2)
causes the mode to split in the polar direction. Figure 2-4(d) is of an even more
deformed sphere, with /- | w | +1 = 6.
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Figure 2-4: Polar intensity distribution for TM modes with (a) /? = 1, /- | m | -f-1 = 1, (b) n = 3,
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2.5

Free spectral range and finesse

The frequency separation between successive modes,/-/ +1, within the
microsphere cavity defines the free spectral range (FSR),

^ ^

where

fsr

^ nml

^ nml +1

’

, such that
(2.23)

is the frequency of a particular mode. The FSR in a microsphere can

be approximated by [115]

A

V

fsr

^^fsr

(2.24)

=

=

lird n

(2.25)

An example of an IR WGM lasing spectrum obtained from an erbium doped
phosphate glass (10G2) microsphere (experimental details to follow in Chapters 4
and 5) is shown in figure 2-5. The peaks in the spectrum correspond to the
WGMs of the microsphere and the spacing betw^een the groups of modes is a
measure of the free spectral range of the cavity; in this case Ak^-,. = 1.143 TFlz (or
11.45 nm). Using the measured FSR and substituting it into equation 2.24 (or
2.25 for the wavelength value) the diameter of the sphere is calculated to be 45
pm.

Any errors'^ here arise due to inaccuracies in the FSR measurement and

changes in the refractive index.

The calculated value is close to the optical

measurement of (50 ±2) pm, made using a Nikon microscope with a x50
objective and the graduations on the eyepiece of the microscope are 2 pm. The

^ All measurements in this thesis were made on instmments calibrated for indication purposes
only.
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measured separation between successive m components,

~

nm+\i

^

GHz (0.55 nm) giving a microsphere eccentricity of approximately 4%.

Figure 2-5 IR lasing spectra from an erbium doped phosphate glass (10G2) microsphere laser
highlighting the FSR and the azimuthal mode separation,

.

The FSR of the modes for a number of different sized erbium doped microspheres
have been measured, revealing that the FSR increases as the size of the spheres
decreases, as shown in figure 2-6.
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Sphci c clianielej (iiin)
Figure 2-6; The measured (full circles) FSR of erbium doped microspheres with sizes ranging
from 18 pm to 120 pm. The full line is a power fit to the data points.

As the size of the spheres decreases, their mode volumes and mode densities also
decrease. For example, over a 20 nm wavelength range, the IR WGM spectrum
for an 18 pm sphere typically has one to three modes, whereas the IR WGM
spectrum emitted by a 40 pm sphere has about ten modes. A comparison of this
mode structure is shown in figure 2-7. In addition, more than 20 modes were
observed over a 20 nm wavelength range for a 120 pm sphere (not shown), using
an optical spectrum analyser with a 0.065 nm resolution (Anritsu MS9710B).
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Wavelength (nm)
Figure 2-7: The IR WGM spectra from an 18 pm sphere (green) and a 40 pm sphere (blue),
highlighting the different mode densities.

The overall quality (O) factor of the mode can be determined from

^

A

Q = — = COT ,

r

(2.26)

where o) is the optical angular frequency, r is the cavity decay time and V is the
linewidth of the mode at FWHM. The linewidths of the IR fluorescence and
lasing WGMs are beyond the resolution of our spectrum analyser which is limited
to 0.01 nm (Ando AQ6317c). This gives a resolution-limited, loaded Q factor of
1.5x10^.

For a proper measurement of Q, it would be necessary to use a

hetrodyne system with a <200 kHz linewidth or to perform a cavity ring down
measurement. The finesse of the cavity is the ratio of the microsphere FSR to the
linewidth of the WGM:

Finesse =
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AT fsr

r

(2.27)

For the 18 |im microsphere used for the results presented in figure 2-7 the cavity
finesse is measured to be 2x10^.

2.6

Mode volume and circulating intensity

The volume that the mode field occupies within the microsphere can be calculated
by integrating the square of the scalar field over a quantization volume [120].
The mode volumes for the transverse magnetic (TM) and transverse electric (TE)
modes are related to the sphere diameter, D^, by [115]
(2.28)

Vol,^ = 1.08(2/),
VoU^\m{2DX

(2.29)

^

The volume occupied by TM modes is slightly larger than that occupied by the
TE modes, due to the different orientations within the sphere (see Figure 2-8). An
alternative definition of the m.ode volume,

, was given by Braginsky et al.

[ 120, 121] such that
= 3.4;r-'

‘V/-m + l,

where / = 2n:d^n^ / T . The nonlinear mode volume,
from Volj^

(2.30)

, differs significantly

for spheres larger than 100 pm. Note that microspheres used in

this work typically have mode volumes ranging from 200 pm to 3000 pm .
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Figure 2-8: Two definitions of mode volume; the effective TE (magenta) and TM (dark blue line)
mode volumes, and the nonlinear mode volume (green) as a function of sphere diameter.

The circulating intensity of the light in a microsphere is a function of the sphere’s
mode volume and the input power,

. For a given input power the circulating

intensity, /, within the resonator is given by [122]
X
Q
27rn^ Volume

where Ug is the group index.

(2.31)

It is possible to achieve electric field gradients of

the order of GW/cm for a few mW power coupled into a volume less than 1000
pm . Due to this exceptionally high circulating intensity, it is possible to observe
many nonlinear optical effects by inputting only mW of optical power into the
resonator.

2.7

Loss mechanisms in microspheres

The Q factor of a WGM can be defined quite simply as the ratio of the energy
stored in the mode to the amount of energy lost from the mode per cycle. The
higher the Q factor, the longer a given quanta of energy will stay in the cavity.
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Energy is lost from the cavity by various channels and the total quality factor,
, is, related to the individual loss mechanisms by
1
+---+

+
^tot

where

Qbulk

Qstirf

Qext

is the loss in quality due to

scattering,

material absorption and internal

is the loss from surface scattering,

to an external waveguide and

(2.32)

Qwgm

is the loss from coupling

is tunnelling loss.

The individual loss

components are discussed in detail in the following sections.

2.7.1

Intrinsic material absorption /internal scattering loss

)

The material absorption in glass microspheres is independent of their size.
However, internal scattering losses and bulk material losses are wavelength
dependent. The loss due to internal scattering, Q.^, in a microsphere is [123]
8^
TETM

Where

T

IS

’

e2,

=—rs
^ ^4 ^

8

o

s

f

(2.33)

is the ratio of the scattered power to the power scattered into the

desired mode (Jt^^ -2.8

=9.6), a.^is the internal scattering coefficient, ^

is the Pockel optoelasticity at temperature T,

is Boltzmann’s constant and i is

the isothermal compressibility of the sphere. The bulk material absorption losses,
,are defined as

^ bulk ^
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(2.34)

where
a^uik = [0-7|Lim IX +1.1x10

exp(4.6)im//l) + 4x10 exp(-56|im//I)] dB/km

[123]. Depending on the material purity, silica can have a minimum material
absorption of 0.14 dB/km around 1550 nm [124] and developments in optical
telecommunications have taken advantage of this minimum loss window. The
high phonon energy of fused silica means its multiphonon edge degrades the
minimum attenuation that can be achieved in the material for wavelengths longer
than 3000 nm.

Fluoride glass was developed to extend the optical bandwidth of

the minimum loss window, currently measured at 0.025 dB/km for 2250 nm
[125].

Regardless of the glass, the process of fomiing a microsphere means that

internal defects such as cracks, bubbles, ion clusters or unwanted impurities can
arise. These defects act like Rayleigh scatters re-emitting light in all directions
and scattering energy from the mode. Light signals in a lasing microsphere may
become reabsorbed by the gain medium and this can broaden the linewidth of the
lasing mode. A full description of the material losses is given in [120,123].

2.7.2

Surface scattering loss

)

Surface scattering losses arise from many factors; for example, when a
microsphere is being fabricated from glass powder, it progresses through a molten
glass stage. Micro fluctuations on the surface contribute to scattering losses and
they may occur as the glass is cooled rapidly. The amount of scattering depends
on the wavelength of the light in the cavity; short wavelengths typically have
higher scattering losses than long wavelengths in the infrared region. Surface
scattering due to surface defects is given by
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3/l-V.

TE

1+
where

It-

L

o l
^std^sial

(2.35)

m.TT'

is the statistical correlation length between surface inhomogeneities

measured experimentally as 5 nm and
the surface roughness,

is the average standard deviation of

nm [120].

Additionally, once the sphere

solidifies, a monolayer of water may form on the surface. This layer can absorb
light with wavelengths around 2300 nm, 1370 nm, 950 nm, 725 nm and 530 nm.

2.7.3

External coupling loss

)

External coupling losses are induced in the microsphere cavity by the presence of
the optical coupling device. The work presented in this thesis concentrates on
using tapered optical fibres as these induce the smallest loss in the microsphere.
The WGMs in an isolated microspherc will have a larger Q factor than those in a
sphere that is evanescently coupled to an optical fibre.

The coupling losses

depend on the degree of overlap of the evanescent fields between the optical fibre
and the microsphere.

It has been shown analytically [114] that the Q factor

decreases for all sphere modes as the separation between the sphere and the
coupling device is reduced.

This decrease in Q is due to an inherent phase

mismatch between the optical fibre and the microsphere, see section 3.4.

2.7.4

Whispering gallery loss ()

If total internal reflection at a planar interface is considered, e.g. at the surface of
a prism, the exponentially decaying field component is said to have a constant
phase velocity in the evanescent region.

However, for a curved surface it is

known that the phase velocity increases with increasing separation from the
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boundary. Once the phase velocity in the medium exeeeds the phase veloeity in
air the evanescent field starts to propagate as a free mode, resulting in tunnelling
losses, known as whispering gallery loss. An approximate analytical equation for
the whispering gallery loss,^^^„,, in a dieleetrie microsphere is [116, 119] given
as
-2 k
wgm

(nj

rel
re!

*

,

(2.36)

y

where

=

(
1

2J

cosh ' {n ) - ll V

q is the airy function zero,

I

p,
Equation 2.36 shows that

(2.37)
re!

j

'rel

is a relative refractive index and

('/ + l/2'|

1 3

(2.38)

is dependent on the diameter of the sphere. The Q

factor for a constant mode number /, decreases linearly for smaller diameters. If
the sphere’s size is constant and the wavelength of the light increases then the Q
factor will also decrease linearly due to the higher whispering gallery tunnelling
loss [119].

2.8

Summary

The radial, azimuthal and polar extent of the scalar electric fields in a microsphere
were found by solving the sealar Helmholtz equation in spherieal coordinates. The
resonance locations can be determined by solving a characteristie equation which
matches the internal and external fields. The charaeteristic equation was
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approximated by a polynomial expansion which is easier to solve. The effect of
microsphere defonnation on the mode structure was also discussed. Some of the
basic microspherical cavity parameters were outlined, such as FSR, finesse, Q
factor and mode volume.

Finally the major contributors to losses in a

microsphere resonator were discussed. The next chapter focuses on the coupling
of light in and out of a microsphere via a tapered optical fibre.

39

Chapter 3
Tapered Optical Fibres
3.1

Introduction

There are many types of evanescent field couplers which can be employed to
optically pump microsphere cavities, the most efficient of which is the tapered
optical fibre. Tapered fibres are made by heating a small section of standard
single mode optical fibre and then pulling on both ends. As the fibre is stretched,
it tapers down from a diameter of 125 pm to form a narrow waist in the middle,
see figure 3-1. The diameter of the taper waist can be as small as a few hundred
nanometers and still efficiently guide light.

During tapering, the core and

cladding diameters decrease at the same rate, so for a fibre waist of 1 pm the core
is reduced to 60 nm and is, therefore, considered negligible. Consequently, at the
fibre waist the cladding becomes the core and the surrounding air acts as the
cladding. Light travelling along the fibre waist is guided by the refractive index
difference between the cladding (i.e. the air) and the glass.

It is, therefore.

Work presented in this chapter has been published in: J. M. Ward, D. G. O’Shea, B. J. Shortt, M.
J. Morrissey, K. Deasy, and S. G. Nic Chormaic, “Heat-and-pull rig for fiber taper fabrication”.
Rev. of Sci. Inst 77, 083105 (2006).
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possible for a significant proportion of the optical mode to exist in the air outside
the glass fibre but still be guided along by it, i.e. an evanescent field is created
outside the fibre, the strength of which decays exponentially from the fibre
surface. Figure 3-1 is a schematic of a tapered optical fibre showing the local
fibre core radius, d

(O

'

core

, the local cladding radius, d d"’
and Z, as the height of a
clad
■'

‘

right circular cone whose base is coincident with the local core cross-section. The
cone has a local taper angle, Q.(z) [126].

125 jLim

Figure 3-1: Schematic of a tapered optical fibre. The local taper angle, Q (z) is defined by the
trigonometric expression Q(z) = tan~’

\ddj~^ I Sz\ where

is the local core radius. The

red line across the fibre waist represents the optical mode of the fibre.

The parameters of interest for coupling to a microsphere are the fibre propagation
constant, /?, , the number of modes in the fibre (i.e. the V number) and the optical
losses in the fibre.

3.2

Propagation constant of a tapered optical fibre

The optical coupling between the fibre and the microsphere is most efficient when
the propagation constant,

, of the fibre mode equals that of the sphere mode.
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The electromagnetic field distribution in an optical fibre can be described by the
Helmholtz equations [127, 128]
(V'-^/)£ = 0,

(3.01)

(V"-/?/)//= 0,

(3.02)

where E and H are the electric and magnetic fields and k is the wavenumber. The
fundamental core mode of the fibre is described as a

mode. This means that

both the electric field vector and the magnetic field vector point in the direction of
propagation, i.e. the vectors are not completely transverse. The first subscript
describes the radial order of the mode and the second subscript describes the
azimuthal order. The propagation constants for the HE^^^,TE^^^ and

modes

of a fibre can be found from [127, 128]

\\ J,m

,

hPA
{kn,\

1

V \

[uwA

(3.03)

where j\{h^) is a Bessel function (modified Hankel function of the second kind)
of order q,

is the index of the air, tif is the index of the fibre and the prime

denotes differentiation with respect to the argument.
For TE modes

, K(w„)
Uj„(U)

(3.05)

ITMWJ

and for TM modes
>>] j\{U) ^ nlhliWJ
UMU)

WMK)
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^

(3.06)
’

whereby =

(A'\

^d,{pr -A"<)‘ " and V = kd ^n, -nj

are dimensionless modal parameters. The propagation constants of the fibre are
those that satisfy equation 3.03. Equations 3.03 to 3.06 are solved numerically for
the fundamental HE, TE and TM fibre modes for specific taper diameters at 980
nm and 1550 nm wavelengths and the results are plotted in figures 3-2(a) and 32(b).

Figure 3-2: Fibre mode propagation constants for (a) 1550 nm, (b) 980 nm. The vertical dotted
line is the single-mode cut off

While the fibre has only a single propagating mode in the untapered region, the
tapered regions or waist may contains multiple modes since the light is cladding-
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air guided. For example, at a wavelength of 980 nm and a taper waist radius d ^ =
1.5 pm, the fibre V number is given by

V = kd f -yfn 2
core

—

n2clad

(3.05)

If F > 2.405 the taper is multimode and for single-mode operation V< 2.405. The
refractive index of the air cladding,

1. The refractive index of the core,

ticore^ is actually the effective index of the fundamental mode determined from
- jd^ I k ^ where k is the free space wave number. For single-mode operation
of the air clad fibre waist at 980 nm it is necessary to reduce the diameter of the
fibre waist to 0.75 pm. The radius at which V < 2.405, is the radius where only
the fundamental HE\ \ mode can exist in the fibre and the other “parasitic” modes
are lost.

The single-mode cut off diameters for 980 nm and 1550 nm arc

highlighted as vertical dotted lines in figures 3-2(a) and 3-2(b).

3.3

Adiabatic criterion

When the fibre is single mode, only the fundamental, HE\\^ mode can propagate.
Therefore, during the tapering process, it is important to ensure that this mode
does not couple to other modes which are not sustained in the fibre waist. If
power is coupled from the fundamental mode to other modes during the tapering
process then power will be lost (this is true on both sides of the taper waist). As a
rule, tapers can only be produced with low losses if their profile follows the
adiabatic criterion [126]. This requires the physical taper profile to be such that
the change in taper angle is small enough to prevent light propagation being
coupled from the HE\ \ mode to other “parasitic” modes in the fibre. The length
scale criterion is used to determine if the tapered fibres are adiabatic.
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The

criterion can be stated as follows: the length of the cone, Z, (see figure 3-1) must
be larger than the coupling length,

(beat length) between the fundamental core

mode and the next closest mode given by
7

^

7

Z. = — » Z. =

(3.06)

Ka]’

where j5^ and pj are the local propagation constants of the fundamental mode and
the next closest mode respectively and d ^ is the fibre radius. If Z, » Z^ then
the fundamental mode will not couple to other modes and the fibre will have low
losses, i.e. it is adiabatic. If Z, « Z, then the fundamental mode will couple to
other modes and the fibre will suffer losses (non-adiabatic). The condition where
Z, = Z^ is an approximate delineation between the adiabatic and non-adiabatic
regimes.

As the fibre is tapered the core diameter decreases until the core

material effectively disappears and the fundamental core/cladding mode becomes
the fundamental cladding/air guided mode and the point at which this occurs is
called the core cut off. For fibre sizes above this cut off point the mode mainly
resides in the core material.

The approximate taper angle,

required to

maintain core guidance is given in [126] and is based on the assumption of an
infinite cladding diameter sueh that

4;r
where

(3.07)

y

= 2J, Arn„,,(^, - to,„) and H = (n

core

clad

)l2n

core .

The core

guidance curve, is plotted as the dashed red line in figure 3-3. For fibre sizes
below the core cut off point the core material is negligible and the mode is mainly
guided in the cladding material. The taper angle required for efficient cladding
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guidance [126] is based on the assumption that the core diameter is vanishing and
is given by

i.nW)
clad

where o =

^ ^coe'

o^V

(3.08)

cladding guidance curve is plotted as the dotted

blue line in figure 3-3. Both core and cladding contribute to distinct regions of
the delineation curve, highlighted in green in figure 3-3. This delineation curv'e
defines the points where Z, =

and can be expressed as

d,iP,-P2)
In

(3.09)

The delineation curve has a characteristic minimum, which corresponds to the
core cut off point. For fibre diameters below the core cut off point there is an
increase in the angle of the delineation curve. This arises since, at the taper waist,
there is a large index difference of about 0.42 between the cladding and
surrounding air causing the guidance parameter V to gradually increase. When
the minimum taper angle of the delineation curve is approximately ten times the
fibre taper angle, the light in the propagating mode will not be lost to parasitic
modes and the fibre will be adiabatic.
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Figure 3-3: Fibre delineation curve (green) approximated by the core guidance curv^e (red dash)
and the cladding guidance curve (blue dot). The taper angle for an adiabatic taper (solid red) and
for a non-adiabatic taper profile (solid black) are shown.

For illustration purposes, the taper angles for an adiabatic and for a non-adiabatic
fibre are shown in figure 3-3. Every point along the adiabatic fibre profile (solid
red line) lies far below the delineation curve and so has low optical loss, i.e. at
every point Z, »

. There are some points along the non-adiabatic fibre (black

line) where the taper angle rises above the delineation curve. At these points
Z, « Z^ and the fibre therefore suffers loss.

3.4

Poynting vector of the fibre field

The strength of the evanescent field, which extends from the fibre surface,
becomes stronger and reaches further as the fibre diameter is reduced. For very
small fibre diameters a significant fraction of the optical power resides outside the
fibre and so the mode is less bound to the glass structure. In this regime, any
small disturbance of the evanescent field dramatically changes the transmitted
signal.

This is an important feature that is useful for sensing and cQED

applications. The energy flux through a fibre is in the direction of propagation so
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the net flux in the radial and azimuthal directions is zero. The Poynting vector
[129] is used to determine the energy flux of an electric field through a given
surface area. By taking into account the energy flux in the fibre core and the
evanescent field it is possible to find the fraction of optical power in the core
compared to the that in the evanescent field. The Poynting vector of the mode in
the optical fibre in the direction of propagation is given by Snyder and Love
[ 127]. The z component of the Poynting vector inside the fibre is
Ml

5,. =

kn

^1^37

d

o

)

^I^aJi

d

)
(3.10)

+

and outside the fibre the Poynting vector is given by
1/2

"- = 2

1

v/^ y

where

the fibre radius,

(K ^d

kn
-

) +

^I^J^I

2^ -ay^a,.-^

(K ^d )
, (3.11)

2

and

is the distance from the centre of the fibre divided by

is the free space pennittivity and jUq is the free space

penneability. The coefficients for equation 3.10 and 3.11 are given in Table 1.
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The Poynting vector profile in the radial direction, for a silica fibre with a radius
of 500 nm, is compared to the radial profile for a fibre radius of 250 nm at a
wavelength of 1550 nm in figure 3-4.

Figure 3-4; Radial distribution of optical power in a tapered fibre waist for two different fibre
diameters. Zero on the x axis is the centre of the fibre. The wavelength of the light in both cases is
1550 nm.
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Both fibres represented in figure 3-4 have a discontinuity at the glass/air interface;
however, this is much larger for fibre B due to the higher electric field created by
the smaller mode volume. Fibre A maintains 78% of the mode power in its solid
core and the rest is in the evanescent field, whereas in fibre B only 6% of the
optical power remains in the core and 94% of the power is outside the fibre in the
evanescent field. Figure 3-5(a) and 3-5(b) show the radial Poynting vector plotted
around the circumference of fibre A and fibre B, respectively. The power in the
evanescent field of fibre A is weak and almost uniformly distributed around the
fibre. However nearly all the power in fibre B is in the evanescent field but it is
not evenly distributed around the circumference of the fibre. The intensity lobes
outside fibre B are due to the linear polarisation of the electric field used in the
model.
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Figure 3-5: The Poynting vector for a fibre diameter of (a) 1 gm and (b) 0.5 gm. In both cases the
wavelength is 1550 nm and the white circle marks the glass/air interface.

3.5

Coupling to a microsphere

For the light to transfer from the fibre into the microspherical cavity and vice
versa, the sphere must be placed into the evanescent field of the fibre coupler.
The intensity of the light coupled into the sphere builds up quickly and forms its
own evanescent field, which extends from the sphere surface and overlaps with
the fibre field. The strength of the coupling between the fibre and the sphere
depends on the degree of overlap of the evanescent fields. The light travelling
around the inside of the sphere becomes phase shifted relative to the light in the
fibre and the out of phase light can transfer back into the fibre. The mixing of the
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leaked cavity field with the partially transmitted fibre field creates an interference
that affects the intensity of the light transmitted past the cavity. When the light in
the sphere is out of phase by 7i with the light in the fibre, the transmission past the
sphere can drop to zero due to near prefect destructive interference between the
cavity field and partially transmitted fibre field.

Figure 3-6: On the top is a schematic of fibre/sphere coupling looking along the z direction the red
line is the fibre/sphere mode. On the bottom is the same but looking along the y direction, the
curvature of the sphere as seen by the fibre is approximated as a parabola with a minimum
separation, Sq, The separation varies along the v direction; the fibre mode and sphere mode
overlap in the shaded coupling region (not marked in top figure)
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The coupling amplitude,^, between the sphere and the fibre is found by
integrating the overlap of the two evanescent fields along the z direction.
Therefore, the coupling amplitude is a function of the fibre/sphere separation, S.
An analytical theory of coupling from tapered fibres to microspheres was
presented by [114] and describes the overlap of the fibre mode,
mode ,

. The coupling amplitude is defined as

k"

\\inl-"I)foV^„n,id,,
t

where

, and sphere

(3.12)

X V

is the minimum distance between the sphere and fibre, see figure 3-6.

In this case the curvature of the sphere, as seen by the fibre, is described as a
parabola. The power coupled from the fibre per revolution,
n
X -X (.^o) —exp
7,

r,=

(3.13)
2r,

Yt

(3.14)

2Reff

(3.15)

R..
eff =

K{a,p)

//=«/■

(3.16)

K{a,p)

a, =VA
where

^ is given as

.

(3.17)

is the effective radius of the sphere as seen by the fibre, R^ is the bend

radius of the fibre, /? is a Hankel function,
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is the exponential decay of the fibre

field from its surface and Ay^ is the difference between the propagation constants
of the sphere ,

, and the fibre, P^ . The larger the overlap of the fibre field with

the sphere field the larger the coupling amplitude. However, x is maximal when
Ay0 = 0, i.e. when the fibre and sphere modes are phase matched. For a fixed
sphere size and wavelength of light, the phase matching can be achieved by
changing the size of the fibre. ITie external coupling quality of the sphere system
is given by
mn
2

^ext

*

(3.18)

7
The propagation constant of the sphere (as seen by the fibre) decreases with
separation and this effective propagation constant is given by
(3.19)

where Ds is the diameter of the sphere. For a curved resonator coupled to a
straight waveguide, simple phase matching considers the situation where there is
no separation between the centre of the fibre mode and the centre of the sphere
mode. In this case the phase matching condition is given by

Pr = Pelf

(3.20)

where ds is the radius of the sphere. This phase matching is not complete leading
to a lower coupling efficiency. The exact phase matching condition takes into
account the fact that the sphere is outside the fibre and that, therefore, the centre
of each mode is separated by a certain distance. The phase matching condition is
then given by

Pt =P,p{\-d,l{4D^)).
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(3.21)

The exact phase matching predicts a smaller tapered fibre than that given by the
simple phase matching condition. Resonant coupling from the fibre into the
sphere can be described by the coupling parameter,

, which describes the

overall coupling condition and gives the transmission of the fibre as function of
the coupling amplitude,
(Cw, > &,,, ■

(Qext) ^

intrinsic cavity losses, cr loss

) [115]- Tlie transmission is given by

, where K =

Transmission =

(3.22)
loss

When the sphere is far away from the fibre, the overlap of the fields is small so
K^ «\ and the transmission remains near unity, see figure 3-7(a). As the sphere
moves closer the coupling parameter increases to A'^<1 and the transmission
decreases due to destructive interference. This is the undercoupled regime since
the loss in the cavity due to the presence of the fibre is less than the intrinsic
cavity loss; the phase shift of

in this region is between zero and 7C.
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Figure 3-7(a): Fibre transmission for under coupling Kp<

critical coupling Kp^ 1 and over

coupling Kp > 7 to a microsphere, (b) Experimental result showing 80% coupling to a cavity
resonance, obtained by thermally changing the microsphere size and recording the transmission of
a 1300 nm probe. The negative time is the storage time of our digital oscilloscope. The sphere
(IOG2) was in contact with the fibre during the measurement.

The sphere is next moved even closer to the fibre until at some point

= \.

When K^ = \ the system is said to be critically coupled, since the cavity coupling
loss equals the intrinsic cavity loss. At this point

is n out of phase with the

fibre field Pp and the transmitted intensity drops to zero due to perfect
destructive interference. The critically coupled point is extremely sensitive; any
small change in the coupling condition will destroy the perfect interference and
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result in an increase in the transmitted power. For this reason critically coupled
resonators are used in highly sensitive cQED and single molecule detection
experiments. Moving the sphere closer, beyond the critical coupling point, brings
the value of K^ >1 and the sphere is said to be overcoupled to the fibre because
the cavity coupling loss is greater than the intrinsic cavity loss and in this regime
the phase difference is greater than tt. An example of a cavity resonance is shown
in 3-7(b)
An approximate propagation constant of the light in a tapered optical fibre
as a function of the fibre radius {d
,2

and its refractive index (« ) is [ 130] given by
,2

2

(2.405)^
d

(3.23)

This equation is plotted in figure 3-8 for a wavelength of 1550 nm. Note that the
plot does not give exact phase matching and should only be used as a guide.
Taper radius (pill)

DIj

Figure 3-8: Approximate phase matching for a tapered fibre and a microsphere at 1550 nm.

Figure 3-8 suggests that the ideal fibre radius for a 60 pm sphere is 1.3 pm.
However, work by Spillane et al [45] reveals that for contact coupling the
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coupling efficiency to a 67 pm sphere is reduced form 99.99% to 88 % when the
fibre diameter is changed from 1.2 pm to 1.65 pm.

Also, for fibres with a

diameter greater than 2 pm, the evanescent field in not very strong and does not
extend far from the surface of the fibre. In the work reported here it was found
that fibre diameters around 1-1.5 pm are sufficient to optically pump and collect
pW lasing signals from active lasing microspheres with diameters ranging from
15 to 130 pm. In one experiment, an adiabatic tapered fibre with a waist diameter
of 1 pm is coupled to a 62 pm lasing microphere. The microsphere is placed in
contact with the middle of the fibre waist and the transmitted pump signal is
recorded as the sphere is placed at different points along the length of the fibre.

Figure 3-9: Transmission past the fibre for different positions of the sphere along the fibre. The
zero point is approximately the centre of the fibre waist.

The light source used is a broad 980 nm multimode pump and it is assumed to be
off resonance at each point in figure 3-9.
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3.6

Beat length

The light travelling along an adiabatic tapered fibre efficiently transfers from a
fundamental core/cladding mode to a fundamental cladding/air mode. If the angle
of the tapered regions either side of the waist are shallow enough then the tapered
regions remain single-mode.

If the tapering angle is steep then the tapered

regions are multimode and the fundamental core mode can couple to other modes.
Hence, the two modes can undergo beating, i.e. interference between the two
modes generates nodes and anti-nodes at the core/cladding index interface. If the
taper angle is too steep during the tapering process it is possible to observe the
beating of these two modes as an oscillation in the transmitted power during
tapering. The oscillations signify power transfer between the fundamental mode
and the next closest mode. The period of oscillation is directly related to the beat
length (or coupling length), Z^, between the fundamental mode and the next
closest mode and the fibre diameter, D. by [ 131 ]

D.=

where f, =2.402 and

A(V^-V^)

1 2

(3.24)

%7t n clad

^ 3.8. The modal parameter fj is the V number for the

fundamental fibre mode and

is the V number for the next closest mode when

f, = 2.405. The calculated beat length is plotted against fibre diameter in figure
3-10.
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Figure 3-10: Calculated beat length versus fibre diameter.

From figure 3-10, one can see that, for a fibre diameter of 10 gm, the fundamental
mode will couple to the next closest mode over a length of 0.9 mm along the
fibre, whereas a 2 pm fibre has a coupling length of only 0.04 mm.

3.7

Tapered fibre fabrication

Within our research group at the Tyndall National Institute there are two main
reasons for making tapered fibres. The first, requiring diameters ranging from 1 5 pm, is for optical coupling to microspheres.

The second, with far stricter

conditions necessitating submicron diameter tapers, is for use in cold atoms
experiments. These requirements led to experimenting with the four most widely
exploited means of achieving micron-sized tapers: the flame [132], CO2 laser
heating [133, 134], the micro-furnace [135] and the electric furnace [136]. In the
next section each of these techniques is described experimentally and the results
obtained are compared. The common tool used in each of the fibre methods is the
fibre puller.

The puller consists of two motorised linear translation stages

(Standa) with a resolution of 1 pm and the motors are controlled via a USB hub
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connected to a PC. The fibre is placed into fibre clamps, which are attached to
adjustable posts that are held in post holders. The fibre clamps are also on rails,
see figure 3-11. To taper the fibre, the fibre puller is brouglit close to a heat
source such as the CO2 laser, flame or furnace.

As the fibre is heated the

translation stages move apart, pulling on the fibre and stretching it to fonn a
narrow waist.

After tapering the clamps can be bolted to the rails and the

adjustable posts with the clamps attached can be removed from the post holders.

Figure 3-11: Fibre pulling rig consisting of two linear translation stages. Attached to the stages are
posts with fibre clamps. The fibre clamps are on rails so that the clamps with tapered fibre can be
removed.

The fibre clamps holding the tapered optical fibre are placed under an optical
microscope, which is then covered with a hood. The transmission of the fibre
typically drops off as dust and other contaminates land on the fibre. Without
much protection the fibre can remain useful for many days. However, smaller
fibres suffer larger losses over a shorter time period and should be kept in a low
vacuum.
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3.7.1

CO2 laser

CO2 lasers present a largely stable and easily controllable method of heating a
fibre. Air currents or other deleterious environmental effects bear no consequence
on the power output or the ability to scan the beam across the fibre with a mirror
scanner. It is possible to precisely control the length of fibre to be heated, i.e. the
hot zone, thereby yielding any desired taper profile. The physical process of
heating a fibre with a laser beam involves the fibre absorbing radiation and
heating from the inside, whereas for a flame the process involves heating the
surface of the fibre.

The disadvantage is that there is an inverse square

relationship between diameter and heating for a CO2 laser heat source, while for a
flame or furnace heat source there is simply an inverse relationship between
heating and radius. This ultimately places a stricter limit on the minimum taper
diameter attainable for a given CO2 laser power as compared with a flame heat
source.

Previous reported attempts of producing tapers using the CO2 laser

technique have achieved a diameter of 4.6 pm with a CO2 laser power of 13 W
and a spot size of 820 pm using a galvanometer mirror scanner. The fabrication
method used here relies on the use of a cheap, geared stepper motor to scan the
laser beam rather than the more traditional galvanometer. Implementation of the
rig is trivial, requiring only interconnection of the stepper motor with the
controller circuit.

In contrast, galvanometer scanners require proportional-

derivative (PD) or proportional-integral-derivative (PID) control, which can be
tedious to tune correctly. From a mechanical perspective, the stepper motor has a
more robust design and better torque, which negates any effects induced by the
inertia of the mirror attached to the shaft of the motor, and the overall scanning
angle achievable is larger than that for a galvanometer scanner (typically limited
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to ±40°). A schematic of the laser scanning rig is shown in figure 3-12. Custom
designed software in Lab View automates the instrument control and data
acquisition through RS232 serial and USB interfaces, thereby ensuring ease of
parameter adjustment and reproducibility. A 12.5 cm focal length ZnSe lens
focuses the laser beam onto the fibre with a FWHM spot size of approximately
500 pm, 5.5 cm in front of the scanning mirror.

Photodiode

Oscilloscope

Figure 3-12: Schematic of CO2 laser fibre pulling rig.

The stepper motor used in conjunction with a 500:1 gear box in half-step mode
has a resolution of 1. 8x10-’ deg/half-step, which corresponds to a hot-spot
translation of around 1.7 pm/ half-step on the fibre. The hot spot refers to the
point on the fibre whieh is being heated by the laser beam at any instant. A gold
mirror and holder are vertically mounted on the shaft of the gear box. The CO2
laser beam is incident on the centre of the mirror at an angle of 45° and is directed
onto the fibre. A function generator connected to the stepper motor controller
circuit cyclically scans the mirror through a sweep angle of approximately 10°,
thereby seanning the laser beam across the fibre. Alternatively, customized limit
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:switches can be used to eontrol the sweep angle of the mirror. Another function
;generator connected to the stepper motor controller circuit provides the clocking
ipulses, which dictate the speed at which the mirror scans the laser beam. The best
iresults were obtained with a sean length of about 6 mm and a scan speed of 2.7
mm/s. The discrete nature of the stepper motor step size is smeared out by the
size of the beam at the focus. Two motorized translation stages pull the ends of
the fibre and, as the taper is being drawn, the transmission loss of a 980 nm diode
laser through the fibre is monitored with a photodiode connected to a digital
storage oscilloscope. The computer provides an analogue voltage signal to the
UC-2000 laser controller based on the power curve shown in figure 3-13.

Figure 3-13: The manual CO2 laser power control curve (blue) and polynomial fit (green) used to
automate the CO2 laser power during tapering.

Although the power curve is an oversimplification, it serves the application quite
well. To determine the initial settings for the software, the power of the laser is
manually increased while observing the incandeseent light produeed at the hot
spot. A sixth-order polynomial fit to this data provides the laser power curve. An
exponential fit was also attempted but the slope of the eurve increased too rapidly
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towards the end of the taper pull causing premature breaking of the fibre and
limiting the minimum taper diameter to 4 pm. On the other hand, the polynomial
power curve readily produced 3 prn and 4 pm diameter tapers. Since the taper
profile closely follows an exponential profile, this relationship is used to predict
suitable scan lengths,

and pull lengths,

for the desired taper waist

radius d^,

d
where d

t V

(3.25)

) = d JO
f e

scan '

is the initial fibre radius before tapering and the pull length, Lp„i,, is

how far each motor moves. There is some flexibility in choosing

and

.

Scan lengths ranging from 5 mm to 15 mm and pull lengths ranging from 12 mm
to 40 mm were examined and all yielded low transmission losses (5 %-10%) and
taper diameters of 2 pm - 3 pm. It was found that equation 3.25 always gives a
reasonably accurate, i.e. to within a few %, prediction of the waist diameter. The
pull speed is less flexible, with values of 80 - 110 mm/s providing the best
results.
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Figure 3-14: Measured shape of a typical fibre made using the CO2 laser; the profile starts at the
untapered part of the fibre.

The measured profile of a typical tapered fibre made using the CO2 laser is shown
in figure 3-14. The fibre diameter was measured using a Nikon microscope with a
X100 objective giving a resolution of ± 1 pm. Several preparatory steps are
essential in ensuring that the finished taper is of satisfactory quality. Firstly, the
fibre is liberally cleaned with acetone to remove inorganic substances. It is
imperative that the laser beam and fibre be horizontal to within a few tens of
microns so that the focus of the beam covers the fibre precisely throughout the
scan. The fibre must also be slightly taut before attempting this alignment. Failure
to optimize the alignment before starting fabrication results in sagging and
possible vibrations of the fibre, which tends to distort taper profiles leading to
high transmission losses. The polarization of the laser beam is vertical to the fibre
so that the absorption coefficient is maximized.
To determine the losses in the fibre during the pull, the transmitted power is
recorded on a photodiode. It is important to put a few metres of fibre between the
end of the taper and the photodiode to ensure that any cladding modes die out and
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are, therefore, not measured on the photodiode. Typical plots of transmission
against time are shown in figure 3-15. At the start of the pull, the transmission
remains constant because the degree of tapering is not sufficient enough to cause
loss from the core. After a short time some oscillations start and then rapidly
increase reaching a maximum in the middle of the pull, indicating a strong
coupling between the fundamental mode and other higher order modes. Before
the end of the pull the oscillations decrease and then stop. The taper angle is now
shallow enough for adiabatic transmission and the power remains constant until
the end of the pull. The oscillations could be caused by a number of effects, such
as beating between the core and cladding modes.

However, large power

oscillations can also be induced by pulling on the fibre while the CO2 laser is
turned off or by scanning the CO2 laser beam along the fibre while the pulling
motors are stationary. In the latter case, the size of the oscillations depends on the
power applied and the frequency of the oscillations depends on the frequency of
the laser scan frequency.
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Figure 3-15(a); The results in (a) and (b) were taken from two tapers made with the same pull
length, scan length and power curve, (a) A bad pulling condition where there is either not enough
heat or the fibre has bent and the taper angle is too steep, (b) A near perfect pulling condition.

The large oscillations in figure 3-15(a) are a combined result of modal
beating, mechanical stress and oscillations caused by the interaction of the CO2
beam with the fibre material. Therefore, figure 3-15(a) represents a bad pulling
condition, i.e. too much or too little heat, while figure 3-15(b) represents a good
pulling condition where the correct amount of heat is applied through out the pull.
Fibres with a waist of 2 pm were achieved but repeatability was difficult. Most
attempts to taper a fibre below 3 pm resulted in the fibre breaking at the waist.
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These results illustrate the main problem with the CO2 laser, i.e. the
exponential dependence of the required laser power with fibre diameter. It is a
major difficulty to deliver the correct amount of power when the fibre diameter
drops below 3 pm and there is a fine balance between too little or too much power
and the correct pull speed. For a fraction of a second at the end of each laser scan,
the beam is stationary. If there is too much pump power at this point then the
beam can cut through the fibre; conversely, if the power is not sufficient, the fibre
will break. This pause in the motion of the beam also causes the fibre to pulse,
adding extra stresses on it. Replacing the stepper motor and gear box with an
industrial galvanometer should improve the situation. However, it was felt that
even with this change submicron or even 1 pm diameter fibres could not be easily
achieved for the reasons described above.

3.7.2

Sapphire tube furnace

Using a sapphire tube furnace is a proven technique for making tapered optical
fibres [135]. A 12 mm long sapphire tube with an inner diameter of 0.7 mm and
an outer diameter of 0.9 mm was placed in a metal mount attached to a 3D stage.
The optical fibre was passed through the sapphire tube, which is heated by placing
it into the path of an unfocused CO2 laser beam. Two motorized translation
stages then pull on the ends of the fibre and, as the taper is being stretched, the
optical losses are monitored by measuring the transmission of 980 nm laser light.
Initially, the sapphire tube furnace only produced abrupt tapers with high losses
(~50%). To reduce losses by increasing the size of the hot zone, the CO2 laser
was scanned along the sapphire tube and this increased the pull length from 7 mm
to 14 mm, thus reducing the losses. Tapers with a 1 pm diameter were made with
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losses around 15 %. Submicron tapers, however, experienced higher losses of
60% similar to that reported in [135].

Figure 3-16: Transmitted 980 nm light from a fibre during tapering in a sapphire tube furnace.
The unfocused CO2 laser is scanned along the length of the tube: the pull length is 10mm and the
pull speed is 0.08mm/s.

Figure 3-16 is the transmitted 980 nm power as a function of the pull length. At a
pull length of 4.8 mm large beating oscillations begin in the transmitted power.
This signifies power transfer between the fundamental mode and the next closest
mode and implies the taper angle is too steep and the taper is multimode. As the
tapering proceeds, the amplitude of the oscillations decrease as the smaller fibre
diameter brings the V number back below 2.405. The period of the oscillation is
dependent on the diameter of the fibre, with shorter periods corresponding to
smaller diameters. The beat length measured from figure 3-16 is plotted against
pull length and shown in figure 3-17. Initially, the oscillations occur every 0.44
mm of pull length (0.44mm/motor so the beat occurs every 0.88 mm of fibre
elongation). This corresponds to a diameter of around 10 pm (equation 3.24) and,
at the end of the pull, the oscillation frequency is every 0.016 mm of pull length,
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corresponding to a diameter of 1.8 pm. This is close to the optical measurement
of (1.5 ± 1) pm.

Figure 3-17: Measured beat length measured from the transmitted pump power shown in figure 316.

The measured profile of a tapered fibre made by direct heat with the CO2 laser is
compared to the profile of a tapered fibre made by indirect heating in a sapphire
tube furnace. Both profiles are below the delineation curve; however, the taper
made in the tube furnace has higher losses due to the smaller hot zone which
results in a sharper taper angle (see figure 3-18).

Figure 3-18 Comparison of the taper profiles for direct and indirect heat.
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Although relatively low loss tapers with diameters one micron or less could be
made using the tube furnace it was not with out its drawbacks. Because sapphire
has a low thennal conductivity (0.04W/m/K), the act of scanning the CO2 laser
along the tube creates a lot of thermal stress on the structure of the tube and
eventually it fractures. The glass softening temperature of the optical fibre is
quoted to be between 1100°C and 1300‘’C, far below the melting point of sapphire
(2000”C). However, it is the air in the tube that has to be heated to the softening
temperature of the fibre and this means that the tube itself must be heated to a
much higher temperature.

Eventually the tube fatigues and breaks. Also,

increasing the CO2 laser power above 75% causes the tubes to shatter.

One

possible solution to this could be the use of beam shaping optics to evenly
disperse the beam along the tube [134].

3.7.3

Electric furnace

Another stable heat source that can be used for making tapered fibres is the
electric furnace. Submicron, low loss tapers of 0.1 dB /cm over a 12 cm length
(total loss = 25%) have been made using an electric heater [136]. The electric
heater is a robust heat source and does not require any alignment procedure, in
contrast to the CO2 laser scanning system. A molybdenum disilicide element is
used to reach the high temperatures required to soften the glass.

At high

temperatures in air, normal metal elements, such as tungsten, suffer from
oxidization which causes them to bum out. Molybdenum disilicide is mix of
ceramic and metal that can be heated to 1900°C in air. At high temperatures a
thin layer of quartz forms on the surface protecting the metal from oxidization.
To operate at 1900'’C the electric furnace requires 75 Amps of DC eurrent at
around 5 V. The element is surrounded by a porous insulating material, which
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has a slot cut in it to allow for the optical fibre to be inserted, see figure 3-19
below.

Figure 3-19; Molybdenum disilicide heater from MCI Inc (left). Heater in operation (right).

The heating element is coil shaped so placing the fibre in between the top and
bottom amis of the coil causes uneven heating of the fibre, basically creating two
hot zones on the fibre causing it to bend up towards the top ami of the heating
element.

This difficulty is overcome by removing some of the insulation to

access the front part of the bottom coil. The fibre is placed about 2 mm above the
bend in the bottom loop of the coil. This part of the coil makes a single 15 mm to
20 mm hot zone on the fibre. To make a fibre with a diameter of 1 pm or less the
fibre pull length needs to be 36 mm. The large hot zone and long pull length
ensures low loss during the pull.

However, the fibres are quite long and,

therefore, not very praetical. The transmitted 980 nm power recorded during the
pull is plotted against pull length in figure 3-20. At diameters of 1 pm or less the
transmission drops off quickly but recovers somewhat once removed from the
heater. The reason behind this behaviour could not be determined, but because of
this the submicron tapers manufaetured in this way tend to have losses of ~ 50%.
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Pull Length (mm)
Figure 3-20: Transmitted power versus pull length for a tapered fibre made with electric heater.

Although molybdenum disilicide is very ductile at high temperatures, it is very
brittle at room temperature and care must be taken when handling the element.
The elements also have a tendency to sag and fatigue after prolonged use, leading
to failure, so proper care must be taken in how the element is mounted.

3.7.4

Oxy-butane flame

This method uses a small hydrocarbon (oxy-butane) flame from a customdesigned torch to heat the fibre as it is being pulled by the motorised translation
stages. While subwavelength diameters are achievable with the flame method, it
does present some technical challenges (just like the other methods discussed
earlier). Firstly; the gas flow rate must be precisely regulated in order to maintain
a suitable temperature.

The purity of the gas supply becomes increasingly

important for smaller taper diameters due to contamination concerns. Air currents
in the vicinity of the flame also pose a problem causing areas of uneven heating,
thereby limiting the option of scanning the flame across a length of fibre. All of
the problems described above can be solved with simple precautions such as an
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enclosure, a flow control system and the correct shaped nozzle. A schematic of
the setup used is shown in figure 3-21.

a—

Lab VIEW

PC

Figure 3-21: Fibre pulling rig with an oxy-butane torch as the heat source.

The oxygen and butane are premixed in the torch head before burning at
the nozzle. The ratio of oxygen to butane in the premix determines the rate of
combustion. For a low oxygen content the flame is yellow in colour, indicating
that there are fine carbon soot particles present in the flame. A yellow flame is
not hot enough to bum all the hydrocarbons which remain as the soot and the
y ellow colour is the black body radiation emitted from the hot soot particles.
Increasing the oxygen content increases the rate of combustion. Therefore, more
fuel is burnt, leaving no soot. When all the fuel is consumed, the colour of the
flame becomes bright blue. This colour comes from the highly excited molecular
radicals, CH and OH. The emission spectmm of a blue coloured, clean burning
oxy-butane flame is collected using a multimode fibre connected to a USB 4000
Ocean Optics CCD spectrometer and is shown in figure 3-22.
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Wavelength (nm)
Figure 3-22: Emission spectrum from clean burning soot free oxy- butane flame. The so-called
“swan band”, which is characteristic of hydrocarbon burning heat sources and the bands associated
molecular species are highlighted.

Figure 3-23 is a picture of the torch nozzle and flame.

The nozzle has a

rectangular slot 8 mm by 2 mm creating a hot zone ~1() mm long. A fibre with a
diameter of 1 pm can be made with a pull length of around 18 mm using this
system. The flow rate of the gases must be kept to a minimum otherwise the
pressure will push upwards on the fibre causing it to bend.

Figure 3-23: Photo of oxy-butane torch nozzle and flame. The red line indicates the optimal
position of the fibre in the flame.
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The optical fibre is placed into the middle of the flame and the motor pulls on
both ends. After the pull the flame is removed. During the tapering process the
transmitted 980 nm pump light is recorded (see figure 3-24). The transmitted
power shows no real beating of modes indicating that the hot zone is large enough
and hot enough to ensure a low taper angle. The overall loss is 2%.
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Figure 3-24; Transmitted 980 nm light recorded as fibre is tapered using the oxy-butane torch.
Weak mode beating is observed; the beating amplitude is small which signifies a low loss taper. In
this case it is difficult to distinguish the beating from the noise induced by the pulling process.

To confirm fibre diameter measurements some of the tapered fibres were sent to
an SEM. The transmitted power of the fibre shown in figure 3-24 corresponds to
a final fibre diameter of 0.78 pm.

3.8

Summary

The propagation constant of a tapered optical fibre was defined and the
importance of matching the propagation constant of the fundamental fibre mode
to the propagation constant of the fundamental sphere mode was discussed. The
propagati3n constant helps establish the correct fibre diameter for optimal phase
matching The adiabatic length scale criterion was used to determine the best
77

fibre shape for low loss transmission at the required wavelength and diameter.
For this the beat length of the fundamental fibre mode was calculated. Next, the
Poynting vector of the fibre field, i.e. the energy flux through the fibre, was
calculated. By taking a radial slice of the Poynting vector field the amount of
optical power flowing through the fibre core compared to the evanescent field can
be determined. Fortunately, the optimal fibre diameter for good phase matching
to microspheres, adiabatic transmission and a relatively large evanescent field at
1550 nm is between 1 - 2 pm. Four methods for fabrication of tapered optical
fibres were explored experimentally.

The fibre pulling rig employed a heat

source, such as a CO2 laser, a sapphire tube furnace, an electric furnace or an oxybutane torch, and two linear translation stages. Tapered fibres with losses as low
as 2% at 980 nm and diameters as small as 0.66 pm (not shown in this work) have
been fabricated using the oxy-butane torch.
Out of all the heat sources used to make the tapered optical fibres, the oxybutane torch produced best results. It does not have a problem with heating very
small fibre sections unlike the CO2 laser. Also, it is not necessary to align the
fibre as required for the CO2 laser. The oxy-butane torch is also much more
versatile than the sapphire tube furnace or the electric furnace. Finally, contact
coupling to a doped microsphere with an efficiency as high as 80% on resonance
at 1300 nm using a tapered optical fibre was demonstrated.
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Chapter 4
Microsphere Fabrication and
Experimental Setup
4.1 Introduction
The compositional details and the optical properties of the laser glasses used to
make the microspheres presented in this work will be discussed in detail in
Chapter 5.

The work in this chapter focuses on the microsphere fabrication

process and their incorporation into the experimental setup. Three different doped
glasses have been used; one of the glasses is a commercially available Schott
glass called IOG2 which is an Er:Yb co-doped phosphate glass. The other two
glasses, ZBNA and ZBLALiP, are non-commercial, Er-doped heavy metal
fluoride glasses synthesised by colleagues in France. Note that, standard silica, in
the form of single mode optical fibre, can also be used to make passive
microspheres; however, the work presented in this thesis deals primarily with
active laser materials and concentrates on the three glasses mentioned above. The
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most important glass properties to consider when making microspheres are the
melting point and the transition temperature of the bulk glass. The transition
temperature is the temperature at which the atoms in the glass start to mobilise
[138]. The transition temperature for IOG2 is approximately 375”C [146], while
both ZBNA and ZBLALiP have glass transition temperatures of ~ 260‘’C and a
melting point of 455^0 [137]. The melting point for IOG2 is presumed to be
about 550-600‘’C [146].

Note that all of these glasses have relatively low

transition temperatures compared to that for silica glass at 1200-1300"C. IOG2,
ZBNA and ZBLALiP microspheres are fonned by melting the associated glass
powder in a microwave plasma torch [139] or an electric furnace (see Section
4.4), whereas silica microspheres can only fabricated using a CO2 laser or an oxybutane torch due to the exceptionally high temperature required.

4.2

Microwave plasma torch

The active microspheres used throughout this work were made using a microwave
plasma torch in the Laboratoire d'Optronique of ENSSAT, Lannion, France with
the assistance of Prof Patrice Feron.^ A photograph and schematic diagram of
the microwave plasma torch is shown in figure 4-1. The plasma is generated
using a microwave supply with an oscillator frequency of 2.4 GHz and a
maximum power of 2 kW. The plasma temperature can reach a maximum of
900‘’C. Depending on the requirements, either fluoride or phosphate laser glass is
crushed into a powder (using a mortar and pestle) and is then slowly fed, by hand,
through a quartz tube into the plasma filled cavity.

The glass melts on passing

through the plasma region where the hot particles collide and coalesce, then
surface tension pulls the particles into a spherical form. After passing through the
This work was funded through Science Foundation Ireland project number 02/IN1/I28.
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plasma chamber, the free spheres fall through air, solidify and are colleeted in a
Petri dish several tens of cm beneath the plasma cavity. The diameter of the
spheres produced varies between 10-200 pm and is largely dependent on the
initial powder size and time spent in the ehamber.
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Figure 4-1: Left. A photograph of the microwave plasma torch. Right. Schematic for the torch.
The crushed glass powder is dropped into the top of the plasma cavity and is collected as
microspheres in a Petri dish below the plasma chamber.

The microsphere fabrication system can be optimised for different glass materials
by changing the ratio of the gases (a mixture of argon and oxygen or nitrogen)
feeding the plasma discharge. Tlie quality of the resulting mierospheres relies on
the “black-art” of carefully selecting a suitable gas flow rate for the melting point
of the glasses. The fluoride glass suffers from a process ealled devitrification,
which causes the glass to change from an amorphous strueture to a crystalline
structure when over heated. This process leaves some of the spheres with a flaky
surface and severely reduees the optical quality of the microsphere cavity, as is
evident from the SEM image in figure 4-2(a).

The IOG2 glass has a higher

transition temperature and so is relatively more tolerant than the fluoride glasses
and there was no visible evidenee of the erystallisation proeess in these spheres.
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The surface of the IOG2 sphere in figure 4-2(b) is clearly of higher quality than
the fluoride sphere in figure 4-2(a). The microsphercs in figure 4-2 have been
stored in a Petri dish in a sealed container for many months and, as a result, dirt
may have accumulated on the surface. The spheres can be easily cleaned by
repeatedly passing them through a drop of acetone or methanol. Evidently, the
most important issue in determining the Q factor of the microspheres is the
surface roughness and this should be somewhat lower than that obtained for silica
microspheres fabricated on the end of a tapered fibre using a CO2 laser, as
outlined in the following section.

(a):ZBNA

(b):IOG2

Figure 4-2: SEM images of (a) ZBNA and (b) IOG2 microspheres made using the plasma torch.

4.3

Microsphere fabrication using a CO2 laser

The melting point of SiOo is greater than 1200°C, which means that silica
microspheres cannot be formed using the microwave plasma torch previously
described. Silica spheres can, however, be fabricated by placing the end of an
optical fibre into the focussed beam of a 25 W CO2 (Synrad 48-2 series) laser.
Silica is highly absorbing at the CO2 lasing wavelength of 10.2 pm and an optical
fibre will easily melt when placed at the focus of a CO2 laser beam. Surface
tension pulls the melted glass into a sphere as the material cools.

Spheres

fabricated using this method remain attached to the fibre from which they are
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made and this fibre acts as a manipulation stem for integrating the sphere into
experimental setups.

Because of the intermolecular forces, the surface of

microspheres fabricated using this technique is exceptionally smooth and it has
been shown that Si02 microspheres can reach an ultimate Q factor of lO'^ [140].
Heating the end of a cleaved single-mode fibre in the focus of a CO2 laser forms
microspheres larger than 125 pm. However, an SEM image of such a sphere
shown in figure 4-3(a) reveals an internal foetal like stmcture with clearly defined
core and cladding regions. In such a structure, a WGM will propagate in the
cladding material, which fonns the microsphere surface. This affects the Q factor
since absorption losses in the cladding material are higher than in the silica core
and the boundary may cause some additional scattering loss.

Figure 4-3: (a) SEM image of the tip of 125 pm cleaved fibre after heating with a CO2 laser, the
sphere diameter is 250 pm. (B) Optical image of a tapered fibre tip heated in the focused CO2
laser beam, (c) SEM image of a microsphere formed from the tip of a tapered optical fibre, with
xl500 magnification, (d) SEM image of the surface of the sphere in (c) with x3000 magnification.
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This problem can be overcome by heating the end of a tapered optical fibre,
which is effectively made from a single index material. To heat the tip of the
tapered fibre, the CO2 laser has to be focused to a spot with a diameter of 800 pm
or less. The tip of a 1 pm taper fibre is then placed at the focal point. Silica
microspheres made this way are highly symmetrical with a very smooth surface as
showm in the optical image in figure 4-3(b) and the SEM images in figures 4-3(c)
and 4-3(d).

4.4

Tube furnace

In order to gain independence in fabricating active microspheres, a suitable
system was designed within the research group based on a furnace. A tube
shaped furnace, consisting of a standard electrical heater, is easily capable of
reaching a furnace wall temperature of 1000‘'C. A silica tube 250 mm long with
an inner diameter of 12 mm is placed inside the tube furnace, with an inner
diameter of 20 mm and the space between the furnace wall and the silica tube is
packed with fibre glass to provide insulation. A thermocouple is inserted into the
side wall of the tube furnace and reads the temperature from the outside wall of
the silica tube. A schematic of the tube furnace is shown in figure 4-4. When a
small amount of glass powder is dropped through the top of the furnace it tends to
fall straight through, however, a lot of it is also blown out by rising air currents. If
the glass powder is blown into the sealed furnace through a tube, the cloud of
glass particles coalesce into spheres better than if they were dropped through the
top. Hence, a large syringe pump is used to blow glass powder into the furnace.
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Figure 4-4: Schematic of electric tube furnace. Crushed glass is blown into the top of the tube
furnace and microspheres are collected at the bottom of the tube.

The procedure to fabricate the microspheres is as follows: (i) a bulk
sample of laser glass (10G2) is crushed using a mortar and pestle, (ii) The emshed
glass is put into a tube, which connects a smaller side port of the furnace and to a
large syringe, (iii) The bottom of the furnace is closed off using a Petri dish, (iv)
When the syringe plunger is pushed down it blows the crushed glass into the
furnace through the side port and passes through the furnace, where convection
and radiation heat the glass and form spheres by collision and surface tension, (v)
The spheres are collected about 0.3 m below the end of the furnace.
Three types of microspheres were made in the tube furnace and are shown in the
optical images in figure 4-5. The sphere on the left in figure 4-5 is a good quality
sphere capable of supporting WGMs. The middle image shows a smooth surface
sphere but it is too deformed and contains too many internal defects to support an

85

optical mode. The sphere on the right has many smaller, half-melted pieces of
glass stuck to the surface making the sphere useless. About half of the spheres
made were too defoiTned to be used.

However, there are a lot of spheres

fabricated from this process so it is not as inefficient as it sounds. This is still a
work in progress and with further modifications to the furnace, such as inert gas
buffers and longer furnace length, the production of spheres of higher quality
from glasses with melting points below 1000”C should be feasible. Note that the
microspheres made in the sort vertical tube furnace were not used in the
experiments outlined in this thesis.

Figure 4-5: Different quality spheres made in the electric tube furnace. Left is a smooth sphere
with good quality, middle is smooth sphere with poor quality, right is poor quality sphere.

4.5

Experimental setup

The doped microspheres used throughout this work are those fabricated using the
microwave plasma torch and, therefore, they do not have a ready-made stem by
which they can be held.

Prior to testing the microspheres, a manipulation

procedure must be adopted. The microspheres can be picked up using a vacuum
pump (Charles Austen Dymax 30) connected to glass pipettes with 10 pm tips.
Alternatively, the microspheres can be picked using the end of a cleaved 125 pm
fibre; static between the sphere and the fibre enables easy manipulation of the
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spheres with diameters of 100 pm or less. A fibre manipulation stem for the
doped microspheres is prepared by focusing a CO2 laser beam onto a short section
(~1 mm) of fibre while pulling on one end of it so that the fibre is stretched
asymmetrically until it breaks. If the laser power is not too high the tip of the
broken fibre will be flat with a diameter of 10-20 pm. If needed, the stem can be
bent using an oxy-butane torch. The stem is then glued to a glass slide which is,
in turn, held by clamps mounted on a 3D nanopositioning stage (Thorlabs,
nanomax312).

The tip of the fibre stem is coated with UV curing glue (Norland

81) and brought into contact with a microsphere. It is important to try to cover
only the very tip of the stem with glue. Once the sphere is glued to the stem it can
be easily moved to the tapered optical fibre for optical pumping. The microsphere
and optical fibre is positioned underneath a Nikon optical microscope with up to
xlOO magnification.

The microscope can be fitted with CCD cameras for

monitoring the microsphere position or low level light detection.

Figure 4-6: A picture of the experimental setup. The microsphere is glued onto a fibre stem which
itself is glued to a glass slide. The sphere is pump by light travelling along a tapered fibre. The
green emission is from a ZBLALiP microsphere. The blue arrow represents the direction of the
9 80 nm pump light in the fibre.
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A picture of the setup is shown in figure 4-6 and a schematic is shown in figure 47. The stem of the microsphere, which is glued to the glass slide, bends up
towards the tapered optical fibre. The microsphere is located at the tip of the
stem. The glass slide which holds the microsphere stem is in turn held by clamps,
which are mounted on the nanopositioning 3D stage. A tapered optical fibre is
used as the eoupling device for transferring optical power into the microsphere.
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Figure 4-7: Schematic of the experimental setup. Iso: isolator, Var atten: variable attenuator,
90/10: optical splitter with 90:10 ratio, PM: power meter, OSA: optical spectrum analyser 700 1700 nm. WDM: wavelength division multiplexer with 980 nm and 1550 nm outputs.

This fibre is held at either end by clamps, which are mounted onto metal blocks
that move along rails. The metal blocks are held in place by metal posts and the
tension on the fibre can be adjusted by moving one of the posts. The metal blocks
can also be bolted to the rails to prevent movement during the experiment and
allow transportation. The microsphere and taper are illuminated from below and
the image is collected from above using microscope objectives with up to xlOO
magnification.

In figure 4-6, a ZBLALiP microsphere is being used and

upconversion fluorescence from the erbium-doped microsphere is evident from
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the green emissions that are intense enough to be easily observed with the naked
eye.
Excitation of the microspheres is achieved using tuneable diode lasers
(Multiplex Inc 980 nm butterfly diode laser) typically used in EDFAs and
operating around 980 nm. The pump light is sent through a 980 nm optical
isolator (Agiltron) to prevent back reflections into the laser that would lead to
instability and possible damage.

The laser light then passes through an

electronically controlled variable attenuator (Oz Optics DD-100), which enables a
study of the lasing characteristics of the microsphere as a function of the launched
pump beam power. An IDIL 90/10 coupler is used to split the light into a 10%
channel for monitoring the launched pump power and a 90% channel that is used
as the source of WGM excitation in the microsphere. Efficient coupling between
the sphere and the taper is achieved by aligning the microsphere equator precisely
with the taper via the use of a piezo/manually controlled precision 3D nano
translation stage (Thorlabs nanomax312).

The microscope is connected to a

monitor via a CCD camera (JAI cvs3200) and is used for general imaging in the
experiment and also for monitoring the alignment position of the taper and
microsphere. A second, cooled Princeton Instruments Pixis 100 CCD camera can
also be used for low light detection. The light scattered from the microsphere can
also be collected in free space using a large (400 pm) core multimode fibre
(Thorlabs) connected to an Ocean Optics USB 4000 CCD spectrometer or to a
Princeton Instruments spectrometer (Acton series 0.75 m) with the Pixis 100 CCD
camera. Any 980-1600 nm radiation excited within the microsphere (see Chapter
5 for details) is evanescently coupled out into the same tapered fibre as used for
in-coupling. The transmitted light passes through a WDM (Thorlabs WD202A ),
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which separates out the pump component at 980 nm from the signal component at
1550 nm.

The 1550 nm laser signal is sent to an Anritsu optical spectrum

analyser (Anritsu MS9710B) for analysis of its spectral properties.

The

transmitted 980 nm pump light is usually monitored using a photodiode (Thorlabs
DETIO) connected to a digital oscilloscope.

4.6

Summary

Three methods for making microspheres were investigated: first the microwave
plasma torch at ENSSAT, Lanion, France was used to make doped microspheres
from bulk samples of IOG2, ZBNA and ZBLALiP glass. Passive microspheres
were made within the Quantum Optics Group, based at Tyndall National Institute,
by heating the tip of a tapered optical fibre in the focus of a 25 W CO2 laser.
SEM images show that the surface smoothness of the passive spheres made with
the CO2 laser exceeds the surface smoothness of the active spheres made with the
plasma torch. The fluoride spheres, ZBNA and ZBLALiP, have poor surface
quality compared to the phosphate IOG2 spheres, due to devitrification of the
fluoride glass. Microspheres have also been fabricated using a novel electric tube
furnace operating at a furnace wall temperature of ~1000°C.

The basic

experimental setup and all the main pieces of equipment used during the study of
individual microsphere were outlined. The next chapter deals with characterising
the light emitted from doped microspheres.
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Chapter 5
Spectroscopy of Erbium Doped
Microspheres^
5.1

Introduction

The glass used in the microspheres under investigation are all doped with the
triply-ionised, rare-earth metal erbium, i.e. Er^^,

which is a rare trivalent

lanthanide with a silvery white metallic appearance. Pure Er^^ is malleable, yet
stable in air and does not oxidize as quickly as some other rare-earth metals such
as americium or californium. Er^^-doped material is the key component of optical
amplifiers used in modem telecommunications networks operating in the 15001600 nm transparency window of silica (Si02). Amplification and lasing in this
region can be achieved by optical pumping around 980 nm [141] or 1480 nm
[142], leading to high power fibre lasers and amplifiers using rare-earth ions

Work presented in this chapter has been published in D.G. O’Shea, J.M. Ward, B.J. Shortt, M.
Mortier, P. Feron and S. Nic Chomiaic. “Upconversion channels in Er . ZBLALiP fluoride glass
Microspheres”, Euro. Phys. J. Appl. Phys, 40, 181 (2007); J. M. Ward, D. G. O’Shea, B. J. Shortt
and S. Nic Chormaic, ‘‘Optical bistability in Er-Yb codoped phosphate glass microspheres at
room temperature”, J. Appl. Phys 102, 023104 (2007); J. M. Ward, D. G. O’Shea, B. J. Shortt,
and S. Nic Chormaic, ‘‘An All-Fiber Coupled Multicolor Microspherical Light Source”, Photon.
Tech. Lett. 19,211720 (2007).
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[143].

Efficient lasing in the host glass can be achieved by doping with other

rare-earth ions, such as ytterbium, Yb^^ [19], neodymium, Nd^^ [21], thulium,
Tm^^ [22], and samarium, Srn^^ [20]. For example, the resonant transfer of pump
energy between Er^^ and Yb^^ in co-doped glass enhances the absorption crosssection at 980 nm [144]. This overlap alleviates the difficulty of trying to directly
pump the narrow Er^^ absorption band [145].
Two types of glass microspheres are used for the thermo-optical study in
this chapter. The first is a commereially available phosphate glass (IOG2 from
SCHOTT AG [146]), whieh is doped with 2-3 wt% of Er203 and with 3-4 wt% of
Yf)203 [146,147]

The seeond type of glass microsphere is made from one of

several novel lluoride glasses that are singly doped with Er^^ (0.2 % mol) [148].
The differences between the two types of glass are discussed in Sections 5.3, 5.4
and 5.5. Throughout this work the active microspheres are pumped around 980
nm, irrespective of the material used, and a tapered optical fibre is used as the
optical coupling device.

The lasing and fluorescence emissions from the

microspheres are investigated for different temperatures, cavity sizes, pump
powers and pump wavelengths at (980 ± 4) nm. The observed emissions in the
teleeommunication

bands between 1500 -1600 nm and the UV to visible

upconversion fluorescence that give rise to the green emissions eharaeteristic of
Er^^ doped glass are reported in this Chapter.

5.2

Erbium in a host glass

The usefulness of Er^^ as an active material has already been diseussed.

A

description of the radiative (photon) and non-radiative (phonon) transitions when
Er^^-doped glass material is optically pumped around 980 nm follows.

A

simplified energy level diagram of Er^^ in glass is shown in figure 5-1, with all
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relevant energy transitions for pumping at 980 nm. The energy level diagram for
the sensitising

ion is also shown [Appendix C].
T1 = 320 nm
35
T2 = 383 nm
T3 = 403 nm

30

'G „ .

T4 = 470 nm
---25 -

^^3,2

T6 = 520 nm

20 W)
u

/
'P.,2

T5 = 492 nm

uc
LH

/y '

T7 = 540 nm

15

T8 = 618 nm

4 ^

*^3/2
'F
•* 9 ! 2

T9 = 656 nm
T10 = 667nm

^ 1*912

^ 1* \\

i 2

'iu,2
'h. ,2

T11 = 697 nm

ich- F'

O'

H

U:

u-

iTi

H

11 Hi

r-^

H

I

T12 = 793 nm
F

Fr'

T13 = 849nm

Figure 5-1; Erbium energy level diagram with radiative (solid lines) and non-radiative (dashed
lines) transitions.

The metastable state, ''/, V 2^ of the Er^^ ion in the host glass can be indirectly
populated in two ways. The first method is via direction absorption of a 980 nm
pump photon by an ion in the '’7,5/2 ground state, i.e. ground state absorption
(GSA), thereby exciting the ion to the intermediate state,

From the

intermediate state the ion can decay to the metastable state by emitting a phonon
and then decay to the ground state by releasing a photon with a wavelength
around 1550 nm.

Population inversion between the metastable state and the

ground state can give rise to amplification by stimulated emission around 1550
nm. Alternatively, in Yb'^^/ Er^^co-doped glass, the Er^^ ion can absorb energy
from a neighbouring Yb^^ ion.

Yb^^ has a relatively simple electronie

configuration and re-emits photons at 978 nm and 1060 nm, conveniently putting
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excited state in resonance with the intermediate
the inter-ion separation is small, the

2 state of the

3+

ion. If

ion can efficiently and quickly (500ns)

transfer energy to the Er^^ ions, thereby exciting them to the intermediate state.
The Er^^ ion is over 1000 times more likely to absorb a 980 nm pump photon
from a neighbouring

ion than it would on its own. As already discussed,

pumping at 980 nm directly populates the intermediate state and indirectly
populates the metastable state. Ions in the intemiediate state that absorb a second
pump photon are excited to the '^Fj/2 state. Due to the close spacing of the
and "^53 2 levels, the population of

2 readily decays non-radiatively to the

2 level, whereby a thennal mechanism, described in detail in Chapter 6,
populates the ^//,| 2 level. Ions in the ‘^5'3 2 and ^//,| 2 states can decay to the
ground state manifold by emitting photons with wavelengths around 530 nm and
550 nm, respectively. In this way, 980 nm pump photons are converted to visible
photons, i.e. frequency upconversion by excited state absorption (ESA) occurs. It
is possible for ions in the '^5'3 2 state to have enough time (0.9 ms) to absorb a
third pump photon, which would bring them to the next pump resonant energy
level at

2- De-excitation from this high energy state,

2, to the ground

state manifold results in photon emission around 383 nm. Nonradiative decay
from ^Gji2 to''F3 2 is also possible; ions that remain in the "7^3 2 state long
enough can absorb a pump photon which excites the ion to the ^A',3 2 state. Ions
in the ^A',3 2 state relax quickly by phonon emission to^F^ 2- Decay from the
2 state to the ground state manifold results in photon emission around 320 nm
while decays to the intermediate states, '’7,3 2 and ^7,j 2, correspond to photon
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emissions around 403 nm and 470 nm, respectively.

The decay rate from

individual energy levels depends on the phonon frequency of the glass, the energy
separation between adjacent levels and the temperature of the glass, see Section
6.2.

5.3

Phosphate glass: IOG2

Phosphate glass, such as IOG2, is a chemically durable, postassium barium
alumino developed in order to improve the Er^^ host material’s robustness against
environmental factors such as water absorption and chemical attack. Active and
passive waveguide devices are fabricated from this glass by ion exchange in a
molten KNO3 or AgNOs salt bath.

10G2 phosphate glass was developed

specifically as a high gain material for active devices. Phosphate glass has been
investigated as a host matrix for rare-earth ions due to its favourable properties,
such as (i) the possibility of obtaining large dopant concentrations compared to
silicate, borate, and fluoride glasses, up to 1.8x10 21 ions/cm 3 for Yb 3d" and 10 19
ions/cm^ for Er^^ , i.e. doping levels in phosphate can be selected anywhere from
0 wt% to 20 wt%, (ii) large absorption band in the near infrared region, (iii) large
emission cross-section at 1550 nm and (iv) the low back energy transfer from Er^^
ions to Yb^^ ions. The Er^^ spectral characteristics in IOG2 are also especially
beneficial for C band (1530-1560 nm) and L band (1560-1600 nm) lasing; the
intermediate lasing level, '^7,, 2, has a high nonradiative relaxation rate lifetime of
~1 s and a maximum phonon energy of -1300 cm~' compared with silica’s
maximum phonon energy of -1200 cm ' [149, 150]. The long lifetime - up to 20
ms in some phosphate glasses [151, 152] and 7 ms in IOG2 [146] - of the
metastable state facilitates population inversion and high gain.
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However, the

larger phonon energy of phosphate glass has a negative effect on the upconversion
efficiency compared to fluoride glass with a maximum phonon energy of only
600cw~'. This is counterbalanced by the large dopant concentrations and wide
absorption cross-section of the Yb^^ sensitizer. In addition, phosphate glass has
better optomechanical properties compared to other glasses, although doped
phosphate glasses can suffer thermal damage under strong optical pumping [149].
The visible to IR absorption spectrum of IOG2 is shown in figure 5-2. The
absorption measurements were provided by P. Feron (ENSSAT, Lannion,
France).

The spectra were recorded on a Cary 9000 spectrometer with a

resolution better than 0.1 nm [147] and are pieced together in figure 5-2.

Figure 5-2: IOG2 absorption spectrum for IOG2 glass doped with 2 wt% of Er and 3 wt% of Yb.
The section between 1000 nm and 1300 nm was not provided by P. Feron.

The absorption cross section, (7^ (A), is the probability of the glass absorbing a
photon at a given wavelength and can be determined from the absorbance. A,
spectrum by [153]
In(^)

(^aU) = -

^samp
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(5.01)
)

where

the sample thickness and C^,. is the

concentration.

The

emission cross-section, fT^(/l), between 1500 nm and 1600nm, can be calculated
from the absorption cross-section by using the McCumber method [147, 154]
such that
f
he
exp
^a ^eXp
^
V AkJ
7 1

17

\

(5.02)
J

where E^J is the energy of the upper state, h is Planck’s constant,
temperature in Kelvin and

T is the

is Boltzmann’s constant. The expressions Zux are

the partition functions for the upper and lower levels and are given by
(
(5.03)
V ^bT' j

J

where

) is the energy difference between the stark levels of the lower

(upper) levels [155, 156]. The calculated emission and measured absorption crosssections for IOG2 glass in the range 1400-1700 nm is presented in figure 5-3.

Figure 5-3: The calculated emission cross-section and measured absorption cross-section for 10G2
glass. The emission cross-section is determined from the absorption spectrum in figure 5-2.
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^

The absorption and emission cross-sections both have a peak of 8x10

21

2

cm at a

wavelength of 1533 nm, as stated in the literature [147, 157]. Figure 5-3 gives the
probability of a photon being emitted or absorbed at a particular wavelength. The
gain spectrum, G{A), of the emission cross-section in figure 5-3 can be found in
terms of the fraction of ions,

, in the metastable state [147, 157] such that

GU) = Q[yv,,<T„,„ (i) - (1 -

(A)].

(5.04)

The gain spectrum (see figure 5-4) gives an indication of which emissions are
likely for a certain percentage of population inversion.

Wavelength (nm)
Figure 5-4; IOG2 gain spectrum for different percentages of the ion population in the metastable
state.

For example, the gain at 1541 nm only becomes positive when 50% of the
population is in the metastable state. The gain spectrum of the glass has a peak
around 1535 nm. However, this does not mean that the microsphere cavity will
have a peak lasing emission at this wavelength since the final lasing emission
depends on the quality of the cavity mode at that wavelength.

Lasing emissions

from 10G2 glass microspheres were observed throughout a 1500-1620 nm range.
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when pumped between 975 nm and 982 nm.

The maximum recorded lasing

intensity was around 120 pW, with a large side mode suppression ratio of ~40 dB.
Lasing thresholds vary depending on the sphere, coupler and coupling efficiency.
Figure 5-5 is a plot of the transmitted 1550 nm emission versus the transmitted
980 nm pump power from a 62 pm IOG2 fibre coupled microsphere.
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Figure 5-5: 10G2 Lasing threshold of a 62 gm IOG2 sphere. The IR power is recorded from the
end of the tapered fibre using a 1300 nm long pass filter in front of an InGaAs photodiode. Inset:
two IOG2 spheres showing high quality WGMs, the green light is from the erbium ions in the
glass.

The transmitted 1550 nm light is measured on a photodiode and recorded on a
digital oscilloscope.

The transmitted pump power is recorded using a digital

power meter and the 980 nm pump and 1550 nm signal were separated using a
WDM, as described in Chapter 4 (see figure 4-7).

The lasing threshold is

estimated to be around 1.5 mW of pump power launched into the fibre. About
10% is lost across the fibre and there is a 20% drop in transmission when the
sphere makes contact with the fibre. A maximum power of 270 pW is coupled
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into the sphere at the lasing threshold, aetual absorbed power is probably less than
270 pW.

5.4

ESA enhancement in iOG2 spheres

Figure 5-6 shows the UV to IR upeonversion spectra from a 15 pm IOG2 sphere
for low and high pump powers.

There are six distinct emission bands

corresponding to Er^^ transitions at 530 nm (T1: ^2
(T2:'5'3

2
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Figure 5-6: Upeonversion fluorescence from a 15 pm IOG2 sphere for low and high pump powers.

The combination of relatively high cavity quality factor (typically 10^) and a
strongly localized electromagnetic field in the form of a whispering gallery mode
serves to significantly enhance the probability that an excited ion will absorb
further pump photons.

This is partially due to the mode volume of the

microsphere which decreases from over 2000 pm^ for a 60 pm sphere to around
150 pm for a 15 pm sphere; this means the pump density in the sphere goes from
100

2

2

1.5 GW/cm to 30 GW/cm for just 1 mW coupled into the sphere. The enhanced
ESA process is demonstrated by the fact that the 410 nm (T3) emissions were
only seen from spheres smaller than 40 pm and the 383 nm (T2) emissions were
only observed from 15 pm spheres.

The emissions detected from the IOG2

microsphere, as shown in figure 5-6, are due to upconversion processes involving
absorption of multiple pump laser photons.

However, a second upconversion

mechanism must be considered when trying to understand the origin of the
fluorescence results, i.e. energy transfer upconversion (ETU) [150, 158]. At high
concentrations of Er^^ and Yb^^, the inter-ion separation reaches a critically small
radius,

, of 3 nm for Er^^ ions and 2 nm for Yb'^^ ions. This is close to the

value of 2.12 nm for an Yb^^ to Yb'^^ energy transfer, which, in turn, is close to
the estimated 1.5- 2.0 nm for an Yb^^ to Er^^ energy transfer, as determined from
the Forster-Dexter theory [159, 160]. This dramatically enhances the probability
of Yb^"^ to Yb^\ Yb^^ to Er^^ and, presumably, Er^^ to Er^^ energy transfers
occurring. The critical radius,

, is determined by the overlap of the emission

and absorption cross-sections and is given by

Rt =

3ct^

jcr‘(,A}a‘{A)dA

where c is the velocity of the photons,

,

(5.03)

is the fluorescence decay time of the

unperturbed sensitizer, n is the refractive index,

is the emission cross-

section, and (7^ (T) is the absorption cross-section. The 5 stands for the sensitizer,
i.e. the Er^^ ions, and the x stands for either the sensitizer or the Er^^ acceptor ions.
For non-radiative, dipole-dipole interactions the energy transfer rate rapidly
increases according to the inverse of the ion separation to the sixth power.
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The transition T9\^

7,5 2 is responsible for red emissions from a

^

single Er^^ ion. However, the strength of some of the observed red emissions, see
figure 5-7 cannot be wholly explained by multiphonon relaxation from the
level to the ^

2

2 level, due to the low relaxation rate.

Figure 5-7: The normalised intensity of the green and red emissions. The spheres were between
35-50 pm. IR lasing was only observed in spheres with an intensity ratio 550 nm/660 nm of less
than 0.5, probably due to an inhomogeneous distribution of ions in the spheres.

Notwithstanding the ESA process already mentioned, two ETU cross-relaxation
channels can explain the strength of the red emission relative to the green
emissions. The energy transfer feeding the

2(T9) state could be one of the

following two:
1: The energy from

2

7,5/2

ion A, exciting it from "7,3 2

^ being transferred non-radiatively to
2- 1^ spite of a large energy mismatch of

about 1450 cm”' for the ‘'7,3 2

2 transition, the long lifetime of the

''7,3 2 state and associated large population ensures that this ETU mechanism
could be adequately efficient [150, 161].
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2: The energy of an ion decaying from ^//,,
ion A in the ^/,,

2

2

2

® transferred to an

state, exciting it to^’Fg 2 • In this way, ions are removed from

the green levels and transferred to the ^

2

level.

These two possible cross-relaxation processes feeding the ^ F^ ^ level deplete the
intermediate

‘^/,,/2

level and the metastable '’7,3 2 level, thereby placing the 1550

nm emission in competition with the red emission and the other upconversion
processes. It must be noted that the ratio of the red emission at 660 nm to the
green emission at 550 nm (I

660/1350)

depends on the population of the metastable

state emitting at 1550 nm. When the ratio is greater than 0.5 (green trace in figure
5-7), IR 1550 nm emissions are not observed. When the ratio is less than 0.25
(blue trace in figure 5-7), IR 1550 nm lasing is usually achievable. When the ratio
is between 0.25 and 0.5 (pink trace in figure 5-7), only IR fluorescence is
achievable. Some of the smaller spheres exhibited a larger red/green ratio than
others and this could be due to an inhomogeneous distribution of ions in the
spheres, i.e. ion clusters in the host glass.

5.5

Fluoride glass

Fluorozirconte glass was first developed in the mid seventies by Michel and
Marcel Poulain in the Laboratoire de Chimie Mineral D at the Universite Rennes,
France. In 1975, the Poulain brothers published the first description of
fluorozirconate glasses [162, 163]. Fluorozirconate (ZrF4) itself is not a glass but
can form a binary glass when mixed with other fluoride metals such as BaF2, LaF3
or SrF2 to name just a few. These binary glasses are in general not stable enough
for use in bulk samples or fibre drawing processes. To make the glass stable a
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third element needs to be introduced, and the Poulain brothers unexpectedly
produced the first stable ternary fluorzirconate glass forming system, which
consisted of ZrF4 - BaF2 - NaF. This combination provided enough stability
against devitrification (the crystallisation of glass on reheating) to allow bulk
samples for processing.

Further stability can be achieved by the confusion

principle, i.e. the addition of more elements so that the widely differing atomic
radii “confuse” the atoms so that they do not “know” their location to form a
crystal and, instead, form a vitreous structure [163].
Fluoride glasses have many properties which make them ideal for low loss
transmission in the 1550 nm region, e.g. a lower fundamental attenuation than
other glasses and a higher transmission over a greater range. Rayleigh scattering
in fluoride glasses has been predicted to be as low as 0.003-0.007 dB/km [164]
and measured at 0.025dB/km at 2250 nm [125]. This is reflected in the low glass
transition temperature (which gives an indication of the amount of scattering in a
material) of 260”C for ZBLAN compared to 1200"C for fused silica. Fluoride
glasses have much lower phonon energies than silica glasses, thus a lower multi
phonon edge. An example of a novel heavy metal fluoride glass used here is
ZBNA (ZrF4 - BaF2 - NaF - AIF3). The glass is of the fluorozirconate ternary
system with 4% mol of aluminium added for improved stability against
devitrification making it more suitable for glass processing [163]. The second
fluoride glass under investigation is another relatively new fluoride glass with
composition in mol% of: 51% ZrF4, 16% BaF2, 5% LaF3, 3% AIF3, 20% LiF, 5%
PbF2 (ZBLALiP) and was developed in 2003 [148]. This glass has an improved
stability and lower nucleation tendency than traditional fluorozirconates, such as
ZBLAN.
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5.5.1

ZBLALiP

The ZBLALiP microspheres studied for this work contain Er^^ at a concentration
of 4xl0'^

Er^^ ions/cm^ (0.2 mol%).

Thirteen discrete emission bands,

numbered from T1-T13 in figure 5-8 and figure 5-1, have been noted in the
upconversion spectrum scattered from ZBLALiP microspheres pumped around
980 nm. All of the emission bands in the upconversion spectrum are themselves
composed of doublets or triplets that correspond to the many Zeemann split levels
of erbium in a host glass. Scattered light from the sphere is collected using a
multimode fibre connected to a CCD spectrometer (OceanOptics USB 4000).
The estimated total power detected is 0.5 nW for the green transitions (T6 and T7)
and 0.1 nW for T13.

The limited resolution of the spectrometer used, combined

with the smaller microsphere free spectral range at shorter wavelengths, means
that the whispering gallery mode structure is only just visible for emissions at
wavelengths above 500 nm. The transitions Tl, T3 and T4 have previously been
observed following pumping at 545 nm [165]. Transitions T6, T7, T12 and T13
have previously been reported following 980 nm pumping [166]. The ultraviolet
line at 383 nm (T2) and the 492 nm emission (T5) have already been reported
under 973 nm excitation [167]. Until now the emissions centred at 618 nm (T8)
and 667 nm (TIO) have not been observed elsewhere for 980 nm pumping of Er^^.
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Figure 5-8: Scattered upconversion fluorescence from a ZBLALiP sphere.

For illustration

purposes the intensity of T6 and T7 have been reduced by a factor of 60.

The absorption spectrum taken from a 5.8 mm thick bulk sample of 0.2 mol%
Er^^-doped ZBLALiP glass is shown in figure 5-9 and was provided by P. Feron.

Figure 5-9: ZBLALiP absorption spectrum from UV to IR.

With knowledge of the energy separation between the electronic levels of the Er^^
ion and the calculated branching ratios [32, 156], 5^, it is possible to determine
the energy levels involved in the radiative emissions. It is energetically possible
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for several emissions to originate from the same level. However, the branching
ratios,

, predicted by Judd-Ofelt theory [32, 168], can help determine the most

probable emissions from a particular level. For example, it is possible for both
the 383 nm (T2) and 618 nm (T8) emissions to originate from the radiative decay
of ''G,, 2 to lower levels. However, the ratio of the measured emission intensities
of 1(T2):3(T8), see figure 5-8, disagrees substantially from the calculated ratios of
1:21 [32], thereby indicating that both emissions cannot arise from the '^G,, 2
level.

In fact, only the 383 nm emissions are from "^G,, 2 and the 618 nm

emissions are due to the ^

^9 2 <^ecay. Four emissions in figure 5-8 are

2

attributed to the decay from the ^P^

2

level: (i) (Tl) 320 nm decay to ‘^7,5/2 i^R ^

0.12), (ii) (T3) 403 nm decay to ^I2 (^r ^ 0.39), (iii) (T4) 470 nrn decay to
2 {B^ = 0.29) and (iv) (T8) 618 nm decay to "F, 2

= 0.05). The

branching ratio calculations [32] predict the ratio of emission intensities for each
of the levels to be 1 for 618 nm, 5.8 for 470 nm, and 7.8 for 403 nm, which is in
reasonable agreement with the measured ratios of 1:5.3:6.6. The intensity of the
320 nm emission has been excluded from this comparison because fluorozirconate
glasses have very substantial absorption losses in the UV region.

The emission

line centred at 320 nm (Tl) is, most likely, due to a 4-photon process populating
the ^ P^

2

state, which in turn radiatively relaxes to the "'/jj 2 ground state

manifold.
Three pump photons are required to populate the
^0^/2

state, the

^3 2 energy gap of ~ 3600cm"' combined with a phonon energy of

650cm"'is such that the ^ P^

2

state is unlikely to be populated by thermalisation
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and, as such, the absorption of a fourth pump photon is necessary to explain Tl.
This 320 nm transition has previously been reported in Er^^ doped glass, but was
identified as a 3-photon process following pumping at 637 nm [169]. The same
authors also reported emissions corresponding to the transitions T3, T4, T7 and
T9,

Transition Tl has been reported [170] in an Yb^VEr^^co-doped material

although in that case the excitation process involved successive energy transfers
from Yb^^.

It should be noted that this is very different from the case which

involves a single dopant, i.e. only Er^^ and, therefore, does not rely on a sensitizer
ion as in [170], Additionally, ETU does not play a major role in populating the
higher energy level due to the low dopant concentration used in this fluoride
glass.
There are also emissions about 700 nm (Til). Previous Er^^
700 nm has been attributed to the transition

2

^13 2

emission at

following absorption

of three pump photons at 1480 nm [171]. This seems unlikely in our case, since
the JO theory suggests that a 492 nm emission would be more probable than a 700
nm emission

this assignment was on the basis of the 3-photon

resonance'‘Fy/2
the transition ^7/9

^15 2-

2

^11 2’

alternative proposal is that this emission follows
which is in better agreement with the energy gap

between the levels and the Judd-Ofelt theory [32]. Further details are contained in
Appendix C. Based on the analysis it is predicted that the

7^3 5 2

levels of Er^^

doped ZBLALiP will have unusually long radiative lifetimes of 1.44 ms and 1.15
ms compared to other glasses, such as Er^^-doped fluoroindate glass which has a
lifetime of 0.50 ms [168]. As can be seen from the energy level diagram (see
figure 5-1), this is important for the generation of UV and violet emissions from
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the ^P^

2

since it facilitates the fourth ESA//^3 5 3—>^A:'i3 2, by maintaining

a large F3 5 2 population. The broad range of emission from 320 nm to 849 nm
in Er^^-doped ZBLALiP microspheres is also assisted by a combination of high
cavity quality factor and low whispering gallery mode volume (approximately
200-2000 pm ) which significantly increases the probability of excited state
absorption by enhancing the pump field strength (~10^ V/m per photon) within the
microsphere.

This is reflected in the fact that a significant number of the

observed transitions are attributed to 3-photon and 4-photon absorption events for
what is a relatively modest pump power (few mW) coupled into the microsphere.
Most of the emission bands in figure 5-8 are actually composed of two or
more closely spaced emission peaks. For example, the emission band T3 at 403
nm is actually two peaks centred on 402 nm and 409 nm.

Figure 5-10: The blue (T3) and violet (T4) chromatic switching emission scattered from a fibre
coiupled Er^^doped ZBLALiP microsphere with diameter of 120 pm. The maximum pump power
lauinched into the tapered optical fibre was 70 mW.

At low pump power both emissions have equal intensities. As the pump
po^wer is increased in equal steps from 0 to 70 mW, the intensity of the 403 nm
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emission becomes larger than the 409 nm emission - this type of behaviour has
been called chromatic switching [172-174]. It is possible for the 409 nm emission
to arise due to decay from^

^

^15 2

nm emission due to decay from ^

2

^ 3-photon pump ESA and the 403
mechanism behind this

^15 2-

chromatic switching is probably different decay rates fonn the corresponding
energy state not thermalisation [157]. Similar chromatic switching is also seen in
the 470 nm emission band but the two peaks involved were not fully resolvable
(cf figure 5-10).

Further understanding of the transitions responsible for a

particular emission wavelength can be obtained by the intensity dependence
behaviour of the fluorescence at a particular wavelength [175].

In the case of

ESA, the dependence of the fluorescence intensity upon pump power often
exhibits simple power law dependence with a slope equal to the number of
photons absorbed. Measurements of this dependence for the case of the observed
green transitions (T6)

^^^3/2

^15 2

^15/2

figure 5-11.

Figure 5-11; Power law dependence of ESA photon number for ZBLALiP spheres.
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presented in

From the energy diagram (see figure 5-1) both T6 and T7 are attributed to 2photon absorption. Slopes corresponding to 1.7 for T6 and 1.4 for T7 have been
recorded, whereas a slope of 2 would be expected. This discrepancy from the
expected result can be understood as depletion of the ^Ii5/2 ground state [176] and
is to be expected under strong optical pumping [175].
The transmitted IR emissions between 1500 nm and 1600 nm from fibrecoupled, Er^^-doped ZBLALiP microspheres is generally weak compared to the
IR emissions from IOG2 glass microspheres.

The range of sphere sizes is

between 20pm and 200 pm and, typically, only IR fluorescence centred at 1550
nm is observed.

Lasing is rarely seen within the 70 mW pump range and any

lasing peak from the ZBLALiP spheres usually appears near the centre of the Er^'
1550 nm emission cross-section. The maximum peak lasing power is only a few
hundred nW at 1554 nm, when pumped around 978 nm.

Other reports on

ZBLALiP microspheres pumped around 1480 nm show only picowatt laser
emission at 1550 nm [148, 157].

One possible explanation for the weak

observable lasing could be due to the poor optical quality of the fluoride glass
cavity (cf chapter 4 and figure 5-12).

Figure 5-12; Images of fluoride glass microspheres under 978 nm optical pumping. The images
show the poor quality of the microspheres.
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The fluoride glass mierospheres generally have scorched surfaces and so
have more visible defects than the IOG2 glass microsphere and these defects
scatter the light from the mode and inhibit optical gain. Another factor could be
the relatively low phonon energy of ~650cw’' [178] of ZBLALiP, which puts the
upeonversion channels in direct competition with the metastable state. The IR
signals from ZBLALiP mierospheres can be “amplified” by using the microsphere
as a feedback element at the end of Er^^-doped fibre. The doped fibre is spliced
onto the tapered fibre before the sphere and is 5 m long, so that a reasonable
amount of 978 nm pump power can reach the sphere. With no microsphere in
contact with the tapered fibre only IR fluorescence is detected, see figure 5-13.
When the sphere is in contact with the taper, selected microsphere modes are
naturally back-reflected into the Er^^-doped fibre, where they are amplified. In
this way the microsphere acts as a frequency selective feedback element. The
second feedback element in our fibre laser is probably one of the non-isolated
devices spliced to the input of the doped fibre, such as the variable attenuator or
the 90/10 fibre coupler.

Figure 5-13: A tapered fibre is spliced to the end of 5 m of Er-doped fibre pumped at 980 nm.
The transmitted intensity is recorded when different mierospheres are put into contact with the
tapered fibre.
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When a passive 55 pm Si02 sphere is put in contact with the fibre, a
narrow spike appears in the fluorescence spectrum. However, the overall peak
intensity is reduced by about half the intensity of the fibre with no sphere in
contact. When Er^^-doped ZBLALiP microspheres are used there is a noticeable
shift in the amplified peak wavelength and the intensity is more than doubled.
The 980 nm pump power is increased linearly while the forward transmission is
recorded on an OSA. The IR fluorescence increases at a rate of 53 nW/mW of
launched pump power. Then, at just under 40 mW, the lasing peak appears and
the intensity increases at a rate 1 pW/mW of launched pump power, see figure 514.

Figure 5-14; IR characteristic of Er’* doped fibre laser with a 65 pm Er^" doped ZBLALiP
microsphere as a feedback element.

Without a microsphere in contact with the tapered fibre, it took more than
70 mW of launched pump power for the doped fibre to lase. Shortly after these
observations were made a report was given by [177] in which a similar set up
used a passive Si02 sphere as a feedback element in an Er^^-doped fibre laser
pumped at 1480 nm. The other feedback element was a Bragg grating etched into
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the opposite end of the Er^^-doped fibre. This formed a fibre laser cavity with
20% efficiency but, more importantly, the linewidth of the fibre laser, measured
using heterodyne detection, was deteiTnined to be less than 100 kHz.

The fibre

also did not lase without the microsphere present [177].

5.5.2

ZBNA

The absorption spectra and phonon energy of ZBNA are nearly identical to those
for ZBLAN. The low phonon energy of these two glasses [178] ensures a long
lifetime x, of the intermediate state,

2 (t ~ 8 ms). The long lifetime means a

high upconversion rate, especially when pumped around 980 nm, making it
difficult to efficiently populate the state " 7,3/2
for emission around 1550 nm.
improve the branching ratio of

~ 10 ms), which is responsible

However, doping ZBLAN with Ce ions can
2to '^7,3 2 by over 75%, thus achieving

population of the metastable ^7,3 2 state [141].
Green lasing has been observ'ed in a ZBLAN mierosphere pumped at 801
nm via a prism eoupler [179]. The emission at 548 nm is attributed to the '^5'3,2 (t
~ 0.5 - 1ms) state of the Er^^ ion. Green lasing was also reported in Er^^-doped
fluorozirconate fibre pumped at 970 nm for the reasons outlined above. 1550 nm
ASE at a pump power below the green lasing threshold was detected, however,
above the green lasing threshold, the relevant intensity of the 1550 nm emission
decreased with increasing green lasing emission [180].

By pumping ZBNA

around 980 nm the green lasing due to the very efficient upconversion process can
be studied while avoiding the parasitic losses associated with pumping at 801 nm
[180, 181]. During experiments with ZBNA spheres, no emissions were observed
between 1500 nm and 1600 nm when pumping around 980 nm.
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The

upconversion spectrum from a 90 pm ZBNA sphere is shown in figure 5-15. The
origin of the peaks in the emission spectra can be determined by looking at the
Er^^ energy level diagi'am in figure 5-1.

Figure 5-15:

Upconversion fluorescence from a 90 pm, fibre coupled Er^

doped ZBNA

microsphere.

It is clear that emissions shorter than 490 nm require four pump photons to
be absorbed. The small mode volume, multiple pass nature of the sphere and
modest Q values give a high pump density which increases the probability of
three and four photon excited state absorptions. A high resolution spectrum of the
green emission is shown in figure 5-16. The FSR is 1 nm (i.e. 0.99 GHz) and
measured at 548 nm, giving a sphere diameter of 65 pm, which is in close
agreement with the optical measurement of (60±2)nm. The measured FWHM
of the peaks corresponding to the WGMs in figure 5-16 are (0.33±0.0l) nm,
giving a ^ of ~ 2 X10^ at 543 nm.
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Figure 5-16; High resolution spectrum of green emissions scattered from a fibre-coupled Er-doped
ZBNA microsphere.

The lasing threshold measured using a CCD eamera (Pixis 100) eonnected to a
microscope with up to xlOO objectives and a band pass filter centred at 548 nm is
presented in figure 5-17.

The pump power coupled into the microsphere is

estimated as follows: 10% of the launched pump power is recorded on a digital
power meter. The total pump loss along the tapered fibre is 12% and transmitted
pump power decreases by 17% when the microsphere is placed into contact with
the tapered fibre.
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Figure 5-17: Green lasing threshold from a 60 jim ZBNA microsphere.

At a threshold of 3 pW the slope of the green emission increases, indicating
optical gain at this wavelength band.

The green lasing threshold is ten times

smaller than that reported in the literature for an Er^^-doped ZB LAN microsphere
pumped at 801 nm [179]. The green intensity at 548.12 nm was recorded over the
full pump power range (0-60mW) using an Ocean Optics USB4000 CCD
spectrometer. The result plotted on a log-log scale has a slope of one, whereas a
slope of 2 is expected.

The slope of 1 in this case is a sign of ground state

depletion, due to population inversion split between the

'*/,5 2

and

^*^3 2

states.

The green fluorescence from a phosphate glass sphere was compared to the
fluorescence from a ZBNA sphere.

The intensity at 520 nm from the ZBNA

sphere is 18 times higher than that from the lOG sphere and 31 times higher at
550 nm.
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5.6

Coupling over a broad wavelength range

While the single-mode tapered fibre used to pump the spheres can also be used to
outcouple lasing emissions from the micro-cavity, it has been known for some
time that it is not possible to use it to simultaneously and efficiently outcouple
emissions over a broad range of wavelengths since phase matching cannot be
maintained [182], Furthermore, the fabrication of adiabatic, multimode fibre
tapers is not possible [183], making pumping and collection of light over
hundreds of nanometres using a single mode tapered fibre unrealistic. Despite
this, some intense upconversion fluorescence in the forward signal of a single
mode tapered fibre coupled to Er^^-doped microspheres has been observed.
However, the signal-to-noise ratio is small and additional filtering of the 980 nm
pump is required.

Shown below, in figure 5-18, is the upconversion spectrum

collected from the end of a single-mode, full-taper fibre coupled to an Er^ ^-doped
ZB LA Li P microsphere.

Figure 5-18: Transmitted light from one end of a singlemode tapered fibre coupled to an
ZBLALiP sphere. Some green fluorescence (T6 and T7) is detected with a poor signal to noise
level.
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The transmitted upconversion fluorescence is barely detectable because of noise
from the 980 nm pump. A scheme for the realization of an all-taper coupled,
multi-wavelength light source fabricated from the fluoride glass is shown in the
image in figure 5-19. A half-taper fibre is placed against the opposite side of the
sphere to the full taper. About 20% of the pump power in the full taper is coupled
into the sphere and most of this is readily adsorbed, thereby vastly improving the
signal-to-noise ratio in the half taper.
Single or multi
mode half taper
Direction of
pump light

Single mode
full taper

Figure 5-19; Photograph showing Er^ -doped ZBLALiP sphere coupled to a 1 pm single-mode
tapered optical fibre and to a 2 pm multimode tapered optical half taper. The multimode half taper
can be replaced by a 1 pm single-mode half taper.

The fluorescence collected using a 1 pm half taper made from a single-mode fibre
is shown in figure 5-20(a) and the fluorescence collected using a 2 pm half taper
made from multimode fibre is shown in figure 5-20(b). The half tapers were
aligned to optimize the amount of light collected. It is clear that the multimode
half taper has greater collection efficiency over a broader range compared to the
single mode half taper [184]. The multimode fibre is more efficient at collecting
the fluorescence because of its larger mode volume, also the signal to noise ratio
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in the multi mode half taper is improved beeause most of the 978 nm pump power
is absorbed in the sphere.

4000
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Figure 5-20: Upconversion fluorescence collected using a multimode half taper. The integration
time is 3 seconds and the emissions between 500-600 nm saturate the CCD spectrometer.

The use of a half-taper multimode fibre to collect the emission spectrum
over a 450 nm span has been compared to the more conventional approach of
observing the scattered emissions directly using an optical spectrometer.

The

advantage of this scheme is the ease of integration of an all-fibre coupled device
which will increase the range of applications for these microresonators.
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The

trade-off of lower outcoupling efficiency is an acceptable compromise for the
simplicity of this technique that facilitates out coupling a broad range of
wavelengths simultaneously. This device could find uses as a miniature all-fibrecoupled multicolour light source with, for example, application to evanescent
wave sensing based on the excitation of transitions in target molecules adsorbed
on the microsphere surface and other microphotonic applications.

5.7

Summary

In summary, three different erbium doped glass microspheres were optically
pumped around 980 nm via tapered fibres and their emissions were characterised.
The transmitted light and the scattered light were collected and from this it was
possible to determine which erbium energy level transitions were responsible.
The simplified energy level diagram for erbium ions in a glass host and the
relative photon and phonon transitions when such an erbium doped glass is
optically pumped around 980 nm were presented. It was shown that the addition
of ytterbium ions in an erbium doped glass can improve the efficiency of the
optical pumping. The energy transfer mechanisms between the ions, which
accounts for the observed optical emissions from erbium doped glasses, were also
investigated. The absorption and emission characteristics of IOG2 glass
microsphere lasers in the telecommunication C-and L-bands (1530 nm -1600 nm)
were discussed and the lasing threshold was measured. The UV emissions in
IOG2 were explained by the presence of a 4-photon excited state absorption
mechanism, which was shown to be enhanced in smaller microspheres. Thirteen
upconversion channels were reported from singly-doped ZBLALiP microspheres
and the emissions were labelled according to the erbium energy level diagram and
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calculated branching ratios. The large number of emissions was again attributed
to the enhanced optical properties of the WGMs in microspheres.

Chromatic

switching of various upconversion channels in ZBLALiP microspheres and 3 pW
threshold green (550 nm) upconversion lasing from ZBNA microspheres was
observed. The laek of IR lasing in ZBNA was attributed to the low phonon
energy (<500 cm"') [178] and the poor surface quality of the fluoride glass.
Similar results were found to be responsible for the weak 1550 nm lasing
emissions in ZBLALiP spheres; the optical quality is poor but the phonon energy
(~650 cm'') is more favourable for 1550 nm emission. Finally, a method for
outcoupling multieolour light over a broad range of 500 nm was outlined.
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Chapter 6
Thermo-Optical

Effects

in

Doped Microspheres 8
6.1

Introduction

If microresonators are to be used for some of their proposed applications (e.g.
sensing or cavity quantum electrodynamics) it is essential that the cavity
resonances can be tuned to an energy transition of the atomic species or material
under investigation. Several methods have been proposed for tuning the cavity
via size deformation, such as heating the cavity with an external heater [47, 73] or
deforming the cavity using compression [48]. The compression method has a
large tuning range but it is difficult to realise experimentally due to the
mechanical components needed and fine tuning may also prove to be difficult.
Tuning using an external heater has only been used for fine tuning.

Electro-

Work presented in this chapter has been published in: J. M. Ward, P. Feron, and S. Nic
Chormaic, “A Taper-Fused Microspherical Laser Source”, Photon. Technol. Lett, 20, 392 (2008)
and J. Ward, D. G. O’Shea, B. J. Shortt, and S. Nic Chormaic, “Optical bistability in Er-Yb co
doped phosphate glass microspheres at room temperature,” J. Appl. Phys. 102, 023104 (2007).
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optical tuning of the resonant frequencies of microtoroidal cavities at 1550 nm has
been demonstrated with tunings as large as 300 GHz being achieved [49], This
chapter presents experimental results on a thenno-optically assisted method of
tuning the whispering gallery mode (WGM) resonance frequencies of glass
microsphere cavities over a large dynamic range via fibre couplers.

In the

following work, the doped microspheres are pumped at 978 nm by two methods:
(1) via a tapered optical fibre in the usual way.

The optical pumping causes

internal heating of the microsphere, with the heat concentrated in the optical mode
volume and (2) pumping through the supporting stem.

This causes internal

heating of the microsphere, where the heat is not confined to a small volume but
is more uniformly spread out. So far, 488 GHz of tuning has been observed by
simply sending 250 mW of 978 nm pump light through the supporting structure
(stem) of the sphere. Earlier work by Feron et al. [ 157] demonstrated small shifts
of ~100 GHz in Er^^ doped fluoride glass (ZBLALiP) microspheres pumped at
1480 nm. However, the work reported on here focuses on higher temperatures in
Yb^^/Er^^-doped phosphate glass (IOG2) microspheres pumped at 978 nm and on
the large nonlinear WGM resonance tuning range of ~700 GHz and the optical
bistability that has been observed. The thennally-induced resonance shifts of the
WGM resonance positions that give rise to the nonlinear behaviour are also
investigated.

Pump/probe experiments are performed to demonstrate thermo-

optical tuning of the microcavity to arbitrary probe wavelengths including the
cooling transition of

oc

Rb.

It is shown that the thermal limit of IOG2

microspheres can be reached by pumping them at 978 nm via a tapered optical
fibre [185] and that this can be used to permanently attach a microsphere to a
tapered optical fibre, thus creating an integrated device.
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The taper-fiised

microsphere offers improved robustness, with lasing observable even when the
system was set to oscillate using air currents. Finally, the possibility of an alloptical, glass, thermo-optical heater for microphotonie circuits and devices is
explored.

6.2

Thermo-optics in phosphate glass

A simple schematic of an energy level diagram showing the important optical and
phonon transitions in Yb^^/Er^^ co-doped IOG2 glass microspheres is shown in
figure 6-1. A more detailed description is found in Chapter 5.2. The key feature
to note is that IOG2 has a quantum efficiency of pump/laser of about 60-80%,
resulting in the remaining 20-40% being dissipated in the host matrix as heat.
The largest phonon transition is between the'^/jj

2 —2

states.
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Figure 6-1: Schematic of the energy levels in Er^ VYb^^ co-doped phosphate glass.

The other key point is that the

the "'-Sj

2

2

level ean be considered

to be in quasi-thermal equilibrium since the energy gap between the states is 740
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cm

comparable to the maximum phonon energy of 1300 cm ' for phosphate

glass [149, 150]. As such, only one phonon is required to bridge the energy
difference between the two green levels, thereby populating the ‘//n
the

level at room temperature. The thermalisation of the

the

2

2

level from
2

level by

level has a temperature-dependent effect on the ratio of the radiative

emissions from these two levels and on the excited state lifetimes [150]. The
multiphonon stimulated emission rate,

, between these levels at a temperature

T (in Kelvin) is [150, 186] given by

exp

(0) =

where kn is Boltzmann’s constant,

kj j

(6.01)

ph

is the phonon frequency, q is the number

of phonons required to bridge the energy gap, AZs, between the levels and is given
in Joules.
and

A'„,^(0) is the spontaneous emission rate at temperature T = 0 K.
are constants characteristic of the host material and hcomax is the

maximum phonon energy. For Yb^^/Er^^-doped glasses, the multiphonon
emission rate,

at 0 K is typically of the order of lO'Vs, which is

significantly higher than the value of 10 /s reported for radiative emissions [186],
indicating that multiphonon decay is dominant.
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Wavelength (nm)
Figure 6-2: Variation of the upconversion fluorescence spectrum around 540 nm for a 95 pm
IOG2 sphere as the pump power is varied from 13 mW to 76 mW.

Using the methods outlined in [157, 187], Boltzmann statistics can be used to
describe the strong thermal coupling and the population redistribution between the
two green levels, with emissions at 530 nm for the ^//|,
the

2

state and 554 nm for

state. These two wavelengths are chosen because (i) they correspond to

the transitions from the highest energy level of their respective states to the
highest level in the ground state manifold [155] and (ii) the calculated temperature
using these wavelengths is calibrated against the material’s known thermal
expansion

coefficient

(= 145x10'^K“').

The

scattered

green

upconversion spectrum from an IOG2 sphere is shown in figure 6-2. The spectra
were recorded for increasing pump power launched into the tapered fibre coupler.
The intensity ratio between the 530 nm emission and the 554 nm emission
increases as the pump power increases. The intensity ratio between 530 nm for
the ^f/11

2

state and 554 nm for the

j

temperature and is described as
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state is a function of the internal cavity

A ^ ^(^3)^’3g3^^3

• exp
h
where

'7(V2)h’2^2^^^2

E32

E is the ratio of the fluorescence intensity from the

states of the Er^^ ion.

(6.02)

AT
2

^*^3’3

2

These states are considered to be in quasi-thermal

equilibrium, where ri{v) is the detector efficiency at a given frequency v, w is the
spontaneous emission rate, g is the 2j+l degeneracy of the state and j runs from 07.

The temperatures calculated from the measured intensities at 530 nm and 554

nm should give the correct thermal expansion coefficient (i.e. 145 xlO"'/K) [157,
187], thereby allowing the temperature scale to be calibrated. Applying the same
spectroscopic data used in [187] to the IOG2 microsphere in this work, the
temperature can be estimated by applying the simple relationship

T=

where

1152

ln(a^,^,)-ln(/3//2)

(6.03)

is a spectroscopic coefficient obtained from equation 6.02 by using the

spectroscopic data found in [157, 187] and is 14.42 for IOG2.
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Figure 6-3: Solid lines: calculated temperatures for an increasing intensity ratio when
for ZBLALiP glass and

= 10.52

= 14.42 for IOG2 glass. Data points: measured intensity ratios for

the spectra in figure 6-2.

As the temperature within a microsphere is increased, the

2

efficiently populated and an increasingly larger fraction of the

level is more

^ population is

rapidly promoted to this upper level. Consequently, the ratio of the emissions
from the two states inverts so that the

emission becomes stronger, see

figure 6-2. This type of behaviour is known as chromatic switching [172] and the
largest measured chromatic switching ratio is 3.4, which equates to a temperature
of just over 800 K. Also plotted, for comparison, are the calculated and measured
intensity ratio for ZBLALiP microspheres where

= 10.52 [157]. The

maximum temperature (~800 K) achieved in IOG2 spheres is nearly twice that
achieved in ZBLALiP spheres. This temperature seems high compared to the
glass transition value of 648 K. However, it is important to emphasize that the
temperature calculated using this method does not represent the temperature of
the entire sphere, but rather the temperature of the mode volume. Heat dissipation
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from this region through the bulk of the glass material would account for no
evidence of thermal stress on the sphere below 800 K. Any further increase to the
intensity ratio beyond 3.5 will lead to irreversible theimal damage of the
microsphere.
A similar intensity ratio relationship to that described above is observed
for the UV emissions in some small (< 30 pm) IOG2 spheres. At low pump
powers (~ few mW) the emission at 409 nm, corresponding to decay from the
^7/^

2

state, is larger than the emission at 380 nm which corresponds to decay

from the '‘G,,

2

state. As the launched pump power increases (>30 mW) the

intensity of the 380 nm emission increases and eventually becomes dominant as
shown in figure 6-4.

Figure 6-4: UV chromatic switching due to possible thermalisation of the uii/2 state from the
^H9/2 state in Er^*.

The energy separation between these two states is approximately 1800 cm"' and
the phonon energy in IOG2 glass is around 1300 cm’'. It is, therefore, reasonable
to assume that ions in the lower state

j) could be promoted to the upper
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state (^Cij

2),

thereby creating another temperature/pump dependent chromatic

switching channel. The temperature dependence of this intensity ratio has not
been investigated any further since it only occun-ed for a small sample of
microspheres. It may be possible to calibrate the temperature by comparing the
intensity of the emission at 380 nm (T2) to the intensity of the emission at 403 nm
(T3).

6.3

Thermal tuning of IR lasing modes

As already discussed in the previous section, the high temperature within the
mode volume is attributed to a number of effects, including the small mode
'y

volume and the resultant high pump density of GW/cm , the heat generated by the
Yb^^/Er^^ energy transfer, phonon transitions and thermal feedback. The increase
in temperature, ST, leads to an expansion of the microcavity and a change in the
refractive index, dii, of the material. The effect of these changes on the cavity
resonance can be estimated by [157]
Sn.
n

+

1

R sr y

(6.04)

where T is the resonance wavelength. The change in temperature, fXT, of the
cavity mode volume can be determined from Boltzmann statistics using available
data on the green fluorescence at 530 nm and 554 nm by applying equation 6.03
or by measuring the shift in the WGM, SA, and applying equation 6.04. The
setup shown in figure 6-5 is used to determine by how much the WGMs of a
microsphere shift with increasing thermo-optical pumping.
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Figure 6-5: Schematic for measuring WGM shifts for increasing pump power. Pump 1, which is
coupled to the tapered fibre, generates the 1550 nm WGMs and can be used to tune the
microsphere. Pump 2 is coupled to the fibre stem and is used only to tune the sphere. OSA: optical
spectrum analyser. WDM: wavelength division multiplexer.

Pump 1 is used to generate 1550 nm lasing modes within the resonator and
efficient coupling of pump 1 is attained via adiabatically tapered fibres. Pump 1
is not tuned to any particular cavity mode and is assumed to be initially off
resonance with the cavity.

The power of pump 1 is adjusted using an

electronically controlled variable attenuator.

The upconversion spectrum

scattered from the microsphere is collected in free space using a large core,
multimode fibre connected to a CCD spectrometer (Ocean Optics USB4000).
When required, a second 978 nm FBG diode laser (pump 2) is used to send light
up through the fibre stem, the power of this laser is controlled by the changing the
pump current. The stem has a 20 pm tip and is attached to the microsphere using
UV curing glue and is primarily used for sphere manipulation. Pump 2 does not
create any WGMs that are detectable from the end of the tapered fibres. The IR
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emission cross-section of IOG2 spans over 150 nm and a 20 nm window within
this range is recorded on an optical spectrum analyzer and is shown in figure 6-6.

Figure 6-6: Eight WGM resonances in a 35 gm IOG2 microsphere. The pump power was initially
below the microsphere’s IR lasing threshold. As the pump power increased the peak intensities
grew from a few pW to a few pW for the lasing modes.

Eight WGMs can be identified within this spectrum and their wavelength
evolution, as the launched pump 1 power into the tapered fibre is increased from
10 pW to 45 mW, is presented in figure 6-7. In order to monitor the launched
pump powers a 90/10 coupler is connected to the pump laser. The 10% output
from the coupler is measured on a digital power meter. Typically, 10-15% of the
pump light is lost within the fibre and an estimated 20-30% of the remaining
pump power could be coupled into the sphere. This estimate is based on the dip
in transmitted power when a sphere makes contact with the fibre taper. The
launched pump power is increased in steps of 900 pW for the first ten steps and
then in 4.5 mW steps. The total frequency red shift for each mode is 460 GHz (or
3.68

nm).

Using

the

manufacturer’s

quoted

thermal

expansion

of

SRI Sr = 145xlO'^K"' [145] this equates to a temperature rise of 165 K, yielding
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a total shift rate of 0.022 nm/K. The temperature corresponding to eaeh point is
also estimated from the green upconversion fluorescence ratios using equation
6.03.

The initial temperature of the sphere was ~ 345 K. while the maximum

temperature recorded was ~ 515 K. Substitution of these values into equation 6.04
yields a thermal expansion rate oiSRiST = 145x10~^K"' [145], which is ~3% less
than that quoted by the manufacturer for this temperature range. It is assumed
that the change in refractive index is negligible, since it is typically ten times
smaller than the cavity expansion rate [157, 187].
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Figure 6-7: Evolution of the eight WGM peak wavelength positions from figure 6-6 as the pump
power is steadily increased.

The tuning range in figure 6-7 can be divided into three distinct regions:
(A) between 0.9 mW and 5.4 mW the slope is 0.22 nm/mW and is followed by a
sharp jump in wavelength (1.58 nm) for all modes. This jump is caused by a
sudden build up of pump power in the microsphere due to the occurrence of a
pump/cavity resonance. The build up creates a sharp increase in temperature (and
fluorescence intensity) causing a rapid cavity expansion. In region (B), the slope
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drops to 0.15 nm/mW and in (C) the slope is further reduced to 0.014 nm/mW.
Increasing the launched pump power above 70 mW can result in the sphere
melting and permanently fusing to the fibre [185].

Pump/cavity resonances

caused by sharp spectral features in the pump field, and the resulting bistable
behaviour [173], means that the tuning is generally nonlinear [see figures 6-7 and
6-8]. Thermal feedback near such a resonance condition makes it difficult to
control the tuning in this region. Occasionally, up to 75% of the tuning range can
result from these resonant jumps. In contrast, the resonant jumps are not always
observed and, in this case, the maximum tuning range is linear and limited to
-300 GHz. Figure 6-8 shows the measured tuning ranges for three different IOG2
microspheres tuned by increasing the pump 1 power into the fibre taper. All plots
in figure 6-8 show strong nonlinear behaviour, but demonstrate the possibility of a
large tuning range up to 700 GHz.

Figure 6-8: Nonlinear tuning of a specific WGM when a large cavity/pump resonance occurs for
three different microspheres. Note that the solid lines are added as a guide to the eye.

Figure 6-7 and 6-8 show wavelength shifts for increasing 978 nm pump power
only. The results are quite repeatable, i.e. the jumps in wavelength occur at

135

approximately the same value of increasing pump power.

However, for

deereasing pump power the jumps occur at different values of pump power
resulting in hysteresis or optical bistability which is discussed in detail in Section
6.5.
Tuning of the WGMs of a microsphere can also be achieved by pumping
up through the support stem with pump 2, as shown in figure 6-5.

Pump 1,

connected to the fibre taper, is reduced to a minimum and is only used to generate
the 1550 nm WGMs within the cavity. The pump 2 light entering the cavity via
the stem does not generate coherent WGMs, but rather dissipates within the
sphere, heating it more uniformly. Using this method, up to 488 GHz of linear
tuning has been observed, as shown in figure 6-9.

Figure 6-9: Linear tuning of a specific WGM for three different microspheres when pumping via
the fibre stem supporting the sphere. Note that the solid lines are added as a guide to the eye.

Note that it is still possible for the microsphere to become resonant with the pump
light (pump 1) in the fibre taper. However, by keeping this pump power to a
minimum, it is possible to avoid significant resonant jumps and demonstrate
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linear tuning of the WGMs by pumping up through the stem. The cavity/pump
resonances and the thermal shifting of the WGMs lead to optical bistability in
glass microspheres.

The chance for occurrence of a pump/cavity resonance

(between the light in the fibre taper and the cavity) may be reduced by using a
broad amplified spontaneous emission (ASE) pump source with no sharp spectral
features. However, a much higher pump power would be needed to achieve a
tuning range larger than 300 GHz. Alternatively, using an ASE source (or low
power multi mode/single mode pump) to generate the lasing WGMs and a cheap,
high-power (~300 mW) 978 nm laser pumped through the stem, larger linear
tuning ranges should be achievable.

6.4

Thermal tuning to arbitrary wavelengths

Here, the ability to tune this type of cavity to an arbitrary probe frequency by
simply changing the 978 nm pump power in the stem is demonstrated. ITiis
technique may prove useful in cQED experiments, where microcavities are tuned
to the atomic transitions of laser-cooled atoms. A schematic of the experimental
setup is shown in figure 6-10.
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Figure 6-10: Schematic setup for tuning a microsphere to an arbitrary probe laser frequency. The
probe is coupled to the tapered fibre and 978 nm pump is coupled to the fibre stem. A picture of
the microsphere, stem and taper is shown as the inset to figure 6.5.

The microsphere is glued to a glass stem made from standard optical fibre. The
stem is made using a CO2 laser, is ~1 mm long and has a 20 pm tip. The
microsphere is glued to the stem using UV curing glue. The other end of the fibre
stem is spliced to a 978 nm FBG diode laser, which is used to send pump light up
through the fibre stem.

The 978 nm pump power is adjusted using an

electronically controlled variable attenuator or by changing the diode current
using a function generator.

The upconversion spectrum scattered from the

microsphere is collected as before. Scattered light can also be detected using a
large area silicon photomultiplier (SensL 3mm SPMMicro) [188]. The 978 nm
pump light entering the sphere via the stem does not form strong coherent WGMs
and very little of the launched 978 nm pump couples into the tapered optical fibre
containing the probe light. The small amount of 978 nm pump light coupled into
the tapered fibre is filtered out using a fibre-coupled WDM. One of three narrow
linewidth lasers (details to follow) can be used as a probe and efficient coupling

138

of the probe laser is attained via adiabatically tapered fibres. The first probe laser
(Santee MLS-8100, linewidth < 200 kHz) centred around 1300 nm is coupled into
the tapered fibre. A 100 pm 10G2 microsphere is placed in contact with the
tapered optical fibre. The 978 nm pump power entering the stem is modulated at
0.5 Hz from zero to full power (~300 mW) and back in a linear ramp, while the
1300 nm transmitted power is recorded on a digital oscilloscope using an InGaAs
photodiode. Figure 6-11 shows a typical scan of the cavity as the 978 nm pump
power is increased.

The dips in the transmitted probe power correspond to

cavity/probe resonances.
250 GHz

Figure 6-11: Typical scan showing the shift of the cavity/probe resonances over time. By changing
the probe wavelength by 0.05 nm, the time units can be converted into frequency units, the total
scan rate in this case is estimated to be ~ 250 GHz . The negative time is the storage time of the
DSO trigger.

The probe wavelength is changed from 1316.1 nm to 1316.15 nm and the
resulting resonance shift is used to convert the time axis to a frequency axis. The
average tuning range of this particular sphere is ~ 300 GHz at 1316 nm, with
estimated ^-factors of the order of 10^. The tuning range appears to be only
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limited by the power of the 978 nm pump laser. The oscilloscope can be triggered
on the rising edge of the ramp so that the same probe/cavity resonances can be
continuously monitored. The resonances highlighted in the red box in figure 6-11
are isolated by reducing the amplitude and adjusting the DC offset of the voltage
ramp driving the 978 nm laser diode current. The resonances in the red box are
shown again on the rising edge of the ramp in figure 6-12(a). The cavity/probe
resonances are observed on the rising edge of the pump ramp and the same cavity
resonances are seen again on the falling edge of the pump ramp but at different
positions and with different shapes. This is due to bistability in the cavity caused
by different heating/cooling rates as a function of resonance detuning, see Section
6.5. The amount of launched probe power can affect the shape and apparent
linewidth of the resonances [189].

For low probe powers (< -3 dBm) the

cavity/probe resonances appear broad and symmetric, because the themial
feedback is small. Also, for low probe powers, the resonances have the same
shape and position on both sides of the ramp.

For higher probe powers, the

cavity/probe resonance produces enough heat to accelerate the cavity scan rate,
thereby making the resonance appear narrower on the rising edge of the ramp and
broader on the falling edge (for example see figure 6-13).

At probe powers

greater than 9 dBm there was no further narrowing of the cavity/probe resonance.

140

-0.75

-0.25

0.25

0.75

1.25

Time (sec)

Launched pump power

-2

-1

0

1

Time (sec)
Figure 6-12(a): The resonances highlighted by the red box in figure 6-11 are isolated here in the
rising edge of the ramp, (b): A single mode from 6-12(a) is isolated. The probe power used in
figure 6-12(a) and (b) is 9 dBm. A probe power below -3 dBm should be used to restore the
symmetry of the resonance shapes and to reduce the bistability. The red arrow indicates where
tuning is unstable, green arrow indicates where tuning is stable.

The ramp amplitude can be reduced further until a single cavity/probe resonance
is observed as shown in figure 6-12(b). The stability of the mode is investigated
by observing its position on the ramp over time. For repeated scans, the position
of the dip only varied by < 5% of the full scan. This is quite good when one
considers that these experiments were performed in air with only a basic
enclosure used for isolation. The mode position on the ramp shifts if the
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microsphere/taper system is perturbed or the wavelength of the probe is changed.
The resonance position moves up the ramp for red shifts of the probe (see section
6.4.2) and down the ramp for blue shifts of the probe (not shown).

Time (sec)
Figure 6-13: The shape of the cavity/probe resonance for low and high probe powers. The cavity
is scanned by increasing and decreasing the 978 nm pump power.

6.4.1

Tuning into cavity/probe resonance

So far, it has been shown that it is possible to scan the cavity across single
cavity/probe resonances. However, for most practical applications it is necessary
to tune the cavity to the resonance and for it to remain there. Tuning the cavity to
a resonance on the rising edge of the ramp [i.e. tuning the cavity to the red arrow
in figure 6-12(b)] when the probe power is high is almost impossible due to
unstable thermal feedback [190], see section 6.5.1. Tuning close to the resonant
peak is possible on the falling edge of the ramp [i.e. tuning the cavity to the green
arrow in figure 6-12(b)] because the thermal feedback counteracts the reduction in
pump power, thereby creating a self-stabilising cavity [190], see section 6.5.
Alternatively, the probe power can be reduced so that the thermal feedback is
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negligible. In the following the probe power is reduced to -18 dBm. In this
regime the resonances appear symmetric and the cavity can be tuned to the
bottom of the resonance dip for increasing or decreasing 978 nm pump powers.
Having isolated a resonance of interest, the 978 nm pump power ramp is stopped
just after (or before, depending on direction of pump power) the resonant dip,
then the pump power is slowly increased (decreased) until the transmitted probe
power drops to a minimum, indicating that the cavity is on resonance with the
probe light, see figure 6-14. In this way, it is possible to tune the cavity to the
resonance and to keep it on the resonance for an extended period of time. The
cavity will stay on resonance with the probe until the coupling condition is
perturbed or the probe wavelength changes.

Figure 6-14: Tuning the cavity to a resonance. The noise was created by tapping lightly on the
optical table. The direction of 978 nm pump power is drawn in as green arrows.

In order to scan the cavity in and out of the resonance the pump power is changed
by approximately ±1.5 mW.

The resonance condition is very sensitive to

changes in the coupling condition and the external environment. Generally, the
cavity stays on resonance for a few tens of seconds, 36 seconds in this case. This
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is quite long considering the experiment is performed in a noisy laboratory with
only a basic isolating enclosure. A change in the resonance condition is observed
as an increase in the transmitted power (cf. the noise region in figure 6-14). The
noise in figure 6-14 is induced by tapping on the optical table. By changing the
pump power the cavity is forced back out of the resonance.

6.4.2

Real time monitoring at 1550 nm

By shifting the probe wavelength, it is possible to observe the shift of the resonant
dip in real time. This is demonstrated using a velocity series mode-hop-free,
narrow linewidth laser (200 kHz) centred at 1550 nm as the probe laser. The light
is coupled into a 75 pm IOG2 sphere. The 978 nm pump is ramped at 1 Hz and
the probe wavelength changed manually from 1500.07 nm to 1500.17 nm in 0.01
nm steps. The DSO display is set to overlay each trace and is shown in figure 615: the top trace in figure 6-15 represents the cavity/probe mode, while the bottom
trace is the 978 nm pump power. The trace shows an almost continuous shift of
the mode position, where moving up the ramp indicates red shifts of the probe and
down the ramp indicating blue shifts of the probe (not shown).
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Figure 6-15: Upper trace: continuous shift of probe mode over 1 nm in a 75 pm IOG2 sphere.
Lower trace: DSO triggered on rising edge of pump power ramp.

The resulting shift of the mode position provides a frequency scale by which the
Q

factor of the mode under investigation can be estimated, which is 7x10" in this

case. The stability of the modes was investigated by observing the position of the
mode on the ramp. Over repeated scans, the position of the dip only varied by
<5%. Considering the experiments were performed in air, this level of stability
can be viewed as reasonably good. The mode position shifts if the
microsphere/taper system is perturbed by air drafts or the wavelength of the probe
is changed.

6.4.3

Thermal tuning to cooling transition for

atoms

To demonstrate the tuning of a microsphere cavity to a specific atomic transition,
a 780 nm probe laser is locked to the strong

2

to

^P^,2

F “4 dipole

oc

transition of the Rb isotope via a saturated absorption setup. This is the standard
laser-cooling transition for neutral

oc

Rb atoms. The 780 nm probe laser is coupled

into the tapered optical fibre and the taper is in contact with an IOG2 microsphere
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for the following experiments. The 978 nm pump power is coupled into the fibre
stem supporting the microsphere as in figure 6-5 and 6-10.

The 780.23 nm

transmitted and scattered power from the microsphere is collected in a multimode
fibre and monitored using a dual-channel APD with 20 pm by 20 pm active areas
(SensL 2 xPCDMini) and a photon counting module (SensL HRMTime) [188].
To improve signal to noise ratio a 780 nm band pass filter is used. Alternatively,
the scattered 780 nm light can be collected using a multimode fibre, the output of
which is coupled to a large area (3 mm x 3 mm) silicon photo multiplier (SensL
3mm SPMMicro).

The power of the 978 nm pump is adjusted until a

cavity/probe resonance is observed; the pump power is then modulated in a square
or ramp wave fashion so that the cavity is scanned back and forth across the
resonance as shown in figure 6-16.

transmitted 780 nm probe

^ transmitted 978 nm pump
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Figure 6-16; Upper trace: Transmitted 780 nm probe light from a 50 pm sphere as 978 nm pump
power is modulated (bottom trace) near a cavity/probe resonance Signals are detected using dual
channel APDs.
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In figure 6-17, the scattered 780 nm probe light and transmitted 780 nm probe
power are shown for a 25 pm microsphere. The dips in the transmitted probe
power correspond very well to the spikes in the scattered probe power.

Figure 6-17: Upper trace; transmitted 780 nm probe from a 25 pm sphere as the 980 mu pump
power is modulated in square ramp near a cavity/probe resonance (not shown here). Bottom trace;
corresponding scattered 780 nm probe light. Signals detected using the dual channel APDs.

The APDs in the dual channel device both have 20 pm x 20 pm active areas and
are hemietically sealed behind a glass window making it difficult to align with the
output of the multimode fibre, especially if there is a filter also in use. For this
reason the experiments were repeated with a large area, 3 mm x 3mm, SPM
which is easier to align with the multimode fibre than the dual channel APDs. The
SPM is not hermetically sealed but is, instead, coated with a thin transparent
cladding, thus allowing direct access to the active area of the detector. Although
the S/N ratio of the SPM is not as good as the APDs it makes up for it in
improved functionality. The scattered light recorded using the SPM is shown in
figure 6-18(a) and 6-18(b). Figure 6-18(a) is the cavity scanned by modulating
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the 978 nm pump power from zero to maximum while recording the transmitted
780 nm probe and the scattered 780 nm probe power.

Time (sec)

Time (sec)
Figure 6-18(a) Transmitted and scattered 780 nm probe power collected by a multimode fibre the
output of which is coupled to a large area SPM. In this case the 978 nm pump power is ramped
form zero to maximum scanning the cavity across many resonances, (b) Isolation of a single
resonance via modulation of the 978 nm pump power by only a few % of maximum.

Figure 6-18(b) is obtained by scanning the cavity and the 978 nm pump power is
modulated only by a few percent of full power so that a single mode can be
isolated. The same mode is seen again on the falling edge of the 978 nm pump
ramp. The dips in the transmitted power correspond to the spikes in the scattered
power.
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6.5

Optical bistability

In addition to the thermal tuning that has been achieved for the microspheres,
another phenomenon, known as optical bistability (OB), has also been observed.
Optical bistability means that the intensity or wavelength of the light emission
from the microsphere can be in one of two possible output values, depending on
the history of the optical input. Optical bistability in an optically pumped sodium
vapour was first reported by Gibbs in 1976 [191] and, since then, numerous other
materials exhibiting the phenomenon have been studied, including Yb^^-doped
glasses, crystals and semiconductors [172,

174,

193].

The mechanisms

responsible for nonlinearity in glasses and crystals are varied, with many
requiring cryogenic temperatures (typically 40 K) to maintain the necessary low
atomic decay rates such as in Yb^^ dimer and monomer systems [194] in order for
such effects to be observable.

Alternative, and more easily achievable,

mechanisms include photon avalanche [192] and thermal avalanche [193],
suggesting that a wider range of materials can exhibit OB at room temperature
and above. Bistable sensitized luminescence in Er:Yb:CsCdBr3 was shown by
Redmond and Rand [194] and, subsequently, by Rodenas et al.[\12] in a
Nd^^:Yb^^ co-doped crystal. The authors also described chromatic switching in
addition to the more usual intensity switching, though both mechanisms required
temperatures well below room temperature.

In chromatic switching, the

wavelengths of light emitted from an optically pumped sample change abruptly as
a function of pump power.

In contrast, for intensity switching, the output

intensity at any particular wavelength changes abruptly as a function of pump
power. To date, OB has also been predicted and observed in Yb^^-doped oxide
crystals, Cr-doped LiSrGaFb and LiSrAlFb crystals [174], Sm^^ doped glass
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microspheres (although not explained properly) [195], and Tm^^-Yb^^ eo-doped
glass [196], which exhibited multiple hystereses loops in the fluorescence
intensity at room temperature.
Microcavities that exhibit optical bistability are interesting for the
potential they offer as optieal switches for all-optical communications and
computing.

Simultaneous observation of both chromatic and intensity optical

bistability in all microspheres, irrespective of material, at room temperature have
been routinely observed in the Quantum Optics laboratory at the Tyndall National
Institute. Optical bistability previously demonstrated in passive (undoped) silieon
[197] and silica [198, 199] resonators was attributed to nonlinearities arising from
the Kerr effect, i.e. a change in the refraetive index due to the intensity of the
pump light,

or thermo-optical shifts of the cavity resonance lines.

These

experiments relied on high ^-factors of ~10^ and the use of a tunable, narrow
linewidth laser as the pump source. The results presented in this thesis clearly
show that Er^^-doped microspheres exhibit bistable switching behaviour under
vastly different eonditions to those required for bistable passive spheres.

In

panicular, the use of mierospheres with relatively high loaded eavity ^-factors of
~lxlO^ and an unloeked pump laser linewidth between 0.065 nm (singlemode
pump) and 1 nm (multimode pump) have yielded these results.

6.5.1

Bistability mechanism

The bistable operation in a microsphere is described in detail in [200] and
experimentally detailed in [190].

In [190] a narrow (relative to the cavity)

linewidth pump laser is used. If the pump laser is initially blue shifted and is then
seanned towards the eavity resonance, the approaching resonance condition
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causes heating of the cavity and this heating is maximum at zero detuning. In this
case, the cavity resonance wavelength red shifts away from the pump wavelength
(so the pump is, effectively, chasing the cavity mode). However, if the pump
laser is initially red shifted and is then scanned towards the cavity resonance, the
approaching resonance condition again heats the sphere causing the cavity
resonance to red shift towards the pump wavelength. This produces a hysteretic
behaviour to the transmitted pump power and the internal energy of the sphere as
a function of pump/cavity detuning.
The temperature increase for a resonant pump wavelength is relatively
small for the passive spheres used in [190] due to the low material absorption of
silica at 1550 nm or 978 nm. For the Er^^-doped glass microspheres used in this
thesis, the high material absorption at 978 nm generates the heat and this can be
significant even when the pump and cavity are non-resonant. The pump laser
used here is a standard telecommunications multimode laser (14 pin butterfly
from Multiplex Inc or Thorlabs) with a FWHM of 0.065 nm at 978 nm. Bistable
effects are also observed using a multimode FBG butterfly diode with a FWHM
of ~1 nm.
A simple qualitative graphical model can be used to demonstrate the
bistable behaviour in doped microcavities. In this model, illustrated in figure 619(a), the cavity and pump mode are represented by the pink and blue Lorenztian
line shapes respectively and the green circle is the intersection of the two fields.
Maximum coupling occurs when the cavity mode is at zero detuning from the
pump mode.

The trace of the green circle is shown in figure 6-19(b) and

represents the transmitted pump power.

Heating the sphere by increasing the

pump power red shifts the cavity mode. As the cavity mode approaches zero
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detuning fonn the pump mode, thermal feedback accelerates the scanning rate,
quickly pushing the cavity mode across the pump mode and the resonance appears
as a narrow dip in the transmitted pump power. Tlie cavity resonance is now on
the red side of the pump mode. Cooling the sphere by reducing the pump power
decreases the diameter of the sphere and the cavity mode is blue shifted back
towards the pump mode. As the sphere cools and the mode moves back towards
zero detuning, the approaching resonance condition tries to heat the sphere. The
two opposing effects cause the cavity temperature to decrease at a slower rate and,
as a result, the resonance dip in the transmitted power appears broadened, see
figure 6-19(c). This hysteresis makes the resonance dips in the transmitted power
occur at two different pump powers and gives them different shapes, see figure 619(b). In this case, it is interesting to note that the apparent broadening of the
resonance is observed as the cavity resonance is being blue shifted in contrast to
[190] where the apparent broadening occurs as the cavity resonance is red shifted.
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Wavelength shift (a.u.)

Launched pump power (a.u.)

Figure 6-19: Graphical model illustrating optical bistability in a doped microsphere,

(a) Cavity

mode (pink) as a function of detuning from the pump mode (blue). The cavity mode scans back
and forth across the pump mode and the green circle marks the intersection between the two
modes, (b): Trace of the green circle representing the transmitted pump power, (c): Scan rate
(wavelength/pump power) of the cavity mode used in the model.
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The scan rate of the cavity mode used in the model is shown in figure 6-19(c).
The shape of the curve in figure 6-19(c) is determined from temperature
measurements made during actual experiments. The thermo-optical shift rate of
microsphere resonances (e.g. IOG2, see Section 6.3) is typically 0.022nm/K, but
the nm/mW value is dependent on how far detuned the cavity mode is from
resonance with the pump mode, see section 6.3.

Figure 6-20 shows the

experimentally measured temperature for an IOG2 microsphere as a cavity mode
is scanned across the pump mode. The total temperature change during the scan
is ~50 K. The shape of the curve illustrates the point made above about the
different heating and cooling rates.
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Figure 6-20: The measured temperature of an IOG2 microsphere as the cavity mode is scanned
across the pump mode. We can compare to 6-19c because a change in temperature = wavelength
shift.

The transmitted pump power and the scattered pump power from a 45 pm
IOG2 sphere is recorded as a function of the launched 978 nm pump power into
the tapered fibre and is shown in figure 6-21. The transmitted pump power shows
a narrow resonance dip for increasing pump power and a broad resonance dip at a

154

different position for decreasing pump power. Also, the resonances occur at two
different values of pump power as shown in figure 6-19(b). The resonant jumps
in pump power, i.e. the pump/cavity resonances, occur purely by chance. But
once a pump/cavity resonance is found it is possible to scan back and forth across
the resonance in a repeatable fashion. If the coupling condition changes, then the
position of the cavity/pump resonance may change, i.e. it may occur at a new
value of pump power.

Figure 6-21: The transmitted pump power (green) and the scattered pump power (black) for a 45
pm 10G2 sphere as the 978 nm pump power (red) is increased and decreased. The maximum
launched pump power in this case is around 60 mW.

The scattered power in figure 6-21 shows an intensity spike at each of the
corresponding resonant dips in the transmitted pump power, indicating that the
dips are indeed caused by coincidental pump/cavity resonances conditions. The
results shown in figure 6-21 represent the bistable behaviour of the pump/cavity
resonance condition. Doped microsphere lasers are most efficient when the pump
laser is tuned to the fundamental cavity resonance. If the cavity is blue shifted
from the pump/cavity resonance then small changes in the pump power or thermal
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fluctuations can cause unstable laser operation (see unstable region marked in
figure 6-19(a)).

For example, if the ambient temperature or pump power

increases then the cavity resonance shifts toward the pump, thereby adding to the
temperature. Alternatively, if the pump power or ambient temperature decreases
then the cavity resonance moves away from the pump mode, thus cooling the
cavity further. This positive thermal feedback leads to instability because small
changes in temperature are amplified. The thermal feedback causes the cavity
resonance to “hop” over the pump mode. The thermal feedback becomes worse
with higher pump powers.

If the cavity is now initially red shifted from the

pump/cavity resonance then the cavity will self-stabilize against small changes in
temperature or pump power (see stable region marked in figure 6-19(a)). For
example, increases in temperature will shift the cavity resonance away from the
pump mode, thus reducing the temperature, while a decrease in temperature will
shift the cavity resonance towards the pump mode causing an increase in
temperature. This negative thennal feedback creates stability because small
changes in cavity temperature are damped.
6.5.2

Multi-colour intensity switching

As already discussed, scanning the cavity resonance across a stationary pump
field can cause a fast build up of optical power within a microsphere. As a result,
the upconversion emissions and IR lasing intensity closely follow the bistable
characteristic displayed in the scattered pump power. To examine the effect of
bistability on the upconversion emission a 60 pm ZBNA microsphere is used.
The pump power launched into the tapered fibre is increased and then decreased,
while the transmitted pump power through the fibre coupler is detected on a Si
photodiode and recorded on a digital oscilloscope, see figure 6-22(a).
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The

scattered 978 nm pump power is simultaneously collected in free space using a
multimode fibre and detected on a Si photodiode and recorded on the digital
oscilloscope, see. figure 6-22(b). The visible upconversion fluorescence is also
collected using a second multimode fibre. A 520 nm band pass filter is used to
look at emissions from the

2

(i-^- T6 at 520 nm) state and the signal is sent to

a SensL APD with a photon counting module and the results are plotted in figure
6-22(c).

As a resonance condition approaches, thermal feedback accelerates the

scanning rate and quickly pushes the cavity resonance across the pump field
causing a sharp spike in the scattered pump and fluorescence spectra, as shown in
figures 6-22(b) and 6-22(c), and a sudden dip in the forward transmission, as
shown in figure 6-22(a).

After the resonance, the scattered power increases

further, then stabilizes even as the pump increases. Decreasing the pump power
causes the cavity resonance to slowly drift back towards the pump wavelength.
When the cavity resonance passes the pump wavelength, there is a sudden
increase in the transmitted power and the scattered intensity drops sharply. This
suddenly reduces the temperature of the cavity and the resonance quickly moves
away from the pump wavelength. The upconversion fluorescence shown in figure
6-20(c) follows the pump intensity in the sphere and clearly demonstrates
hysteretic behaviour and a wide bistable region, i.e. the emission can have two
intensity values depending on the history of the input power. The sudden jumps or
intensity switching between the upper and lower branches of the hystereses loops
are characteristic of the optical bistability of the microspheres.
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Launched pump power (mW)

Figure 6-22 Optical bistability in a 60 pm ZBNA sphere (a): Transmitted pump power versus
launched pump power, (b): Scattered pump power versus launched pump power, (c): Scattered
520 nm (T6) emissions versus launched pump power. All three plots were recorded
simultaneously.
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A bistable response is also observed for the lasing emission in IOG2
microspheres. The IR spectral power recorded between 1500 nm and 1600 nm
from a 56 pm IOG2 sphere is shown in figure 6-23 (a) and (b) and the bistability
is clearly evident as the pump power is changed.

Figure 6-23(a): Spectral power between 1500 nm and 1600 nm from a 56 pm 10G2 sphere, (b):
The peak power between 1500 nm and 1600 nm for increasing and decreasing pump power.

A very promising feature of these microcavity resonators is the high contrast
intensity switching that has been observed. The ratio of the relative change in
emission powers - defined as the difference between the maximum and minimum
powers divided by the minimum power - is 21 for the green (520 nm (T6) and
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550 nm (T7)), 11 for the red (660 nm (TIO)) and 11 for the 1500 nm -1600 nm
emissions.

The violet emission is too weak to be considered in these

measurements. Occasionally multiple bistable loops are observed, for example,
figure 6-24 shows many intensity jumps in the visible upconversion emissions
scattered from a 75 pm ZBNA sphere as the pump power is increased then
decreased.

The jumps are caused by multiple coincidental pump/cavity

resonances. Note that multiple loops are more common in microspheres that are
large, (diameters greater than 60 pm) or have low Q values.
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Figure 6-24: Multiple bistable loops in the upconversion fluorescence intensity scattered from a 75
pm ZBNA sphere.

The optical bistability appears in all the doped microspheres used for the work
presented in this thesis, i.e. IOG2, ZBNA and ZBLALiP. Therefore, the intensity
switching applies to all the up/down conversion channels that have been observed.
The 13 upconversion channels in ZBLALiP range from 320 nm to 850 nm.
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6.6

Thermal limit and taper fused device

If glass microspheres are to be considered as practical tools in microphotonic
circuits and sensing applications their physical limits must be adequately tested.
For example, it is important to detennine the maximum pump power that can be
launched into a doped microsphere before the onset of thermal stress. A similar
effect, leading to thermal damage, was reported for a 5 mm wide mierochip laser
[149], but with much higher pump powers than those routinely used in this work.
In the work reported in this section, the 978 nm pump power launched into the
tapered fibre and coupled into a 95 pm IOG2 sphere, is increased until damage to
the sphere is observed. The intensity ratio as a function of launched pump power
for this sphere is shown as “sphere A” in figure 6-25. For a launched pump power
in the range from 27 mW to 46 mW, a constant 530:554 nm intensity ratio of 1.23
is measured, indicating a mode volume temperature of 468 K.

Figure 6-25: The measure intensity ratio (530 nm to 554 nm) for two different 95 pm IOG2
spheres. At intensity ratios higher than 3.5 the spheres suffered visible thermal damage.
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When the pump power is increased to 53 mW, the intensity ratio jumps to 1.8,
indicating a temperature just over 554 K, i.e. 94 K below the glass transition
temperature [146]. Such a sudden increase in intensity is due to a portion of the
pump field going into resonance with a cavity mode, as already discussed in
previous sections. The resonance condition results in a build up of pump intensity
in the sphere and a corresponding increase in the intensity of emissions. From 53
mW to 69 mW, the ratio again remains constant. When over 69 mW is launched
into the fibre, the intensity ratio increases rapidly due to another coincidental
pump/cavity resonance. With 72 mW launched power a ratio of 2.2 is observed,
corresponding to a mode temperature of 612 K, which is just below the glass
transition temperature. However, even at this temperature, there were no visible
signs of thennal damage to the microsphere since the bulk of the material absorbs
the heat energy and dissipates it to the surrounding air. Hence, even above the
glass transition temperature the sphere shows no sign of damage.
The intensity ratio continues to increase with a value of 3.4 being
observed, corresponding to ~800 K, at the maximum available pump power of 76
mW. This high temperature is due to a combination of effects: the small mode
volume and the resultant high pump density of GW/cm [26], the quantum defect
(phonon transition) between the pumping and lasing photons [150, 187], and
thennal feedback [190, 200] near a cavity resonance. Note that when the intensity
ratio is greater than 3.4 dramatic structural changes were observed in the sphere
due to thermal damage, thereby imposing an upper limit on the pump power that
should be launched into a fibre coupled IOG2 microsphere. Sphere B in figure 625 show the measured intensity ratio (530 nm:554 nm) from another 95 pm IOG2
sphere pump with increasing 978 nm pump intensity.
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The green emission

intensity ratio from this sphere also increases to 3.5 after which the cavity
becomes deformed. The deformation reduces the pump power coupled into the
sphere, causing the temperature to drop and bringing the intensity ratio back to
2.5.

o
Figure 6-26 Microspheres fused to tapered optical fibre. The microsphere spheres are pumped
until thermal damage occurs. The tapered fibre has a much higher melting point than the glass
sphere and so sinks into the hot microsphere causing the sphere to cool rapidly. Transmission is
dramatically reduced, but WGMs are still observed.

The curves in figure 6-25 are different because the positions of the cavity
resonance vary from sphere to sphere, as does the coupling condition with the
tapered fibre. Although the high-temperature region in the spheres appears to be
confined within the volume of the WGM, the mode itself is very close to the
surface of the sphere. As a consequence, the surface temperature along the mode
path rises above the melting point of the glass and the fluidity of the material
becomes evident to such an extent that the fibre sinks into the sphere, creating a
fused device as shown in figure 6-26. As a result, the cavity symmetry breaks and
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lasing action and bistable behaviour are generally no longer achievable. For some
spheres it is not possible to reach the thermal limit by simply coupling pump light
into the sphere due to the maximum power limit of the 978 nm pump laser.
High temperatures at different pump powers are observed depending on
the size and quality of the sphere used and the sphere/taper coupling efficiency.
Even when the taper is submerged in the sphere, weak WGMs are, however, still
observable as green bands around the equator. Two options for fusing a
microsphere to a taper fibre are explored, while aiming to minimize the fusing
area, thereby ensuring that the cavity symmetry be preserved. The first method
relies purely on heating the sphere through the pump power as described above,
while trying to keep the sphere and taper in light contact to avoid complete
submersion of the taper into the sphere. If one considers the images in figure 626(a)-(d), the taper appears to run straight through the spheres undamaged.
However, even with light contact and far less submersion of the taper, the
transmission through the fibre dropped dramatically from 70 mW to a few' pW.
This is probably due to the contact area between the sphere and the taper still
being relatively large. It is, therefore, imperative that the sphere be fused to the
tapered fibre at a single point, thus preserving the transmission. In most cases, the
glue sticking the sphere to its stem no longer adheres at these high temperatures.
The sphere, therefore, separates from the stem, leaving it fused to the taper
without any additional support. Electrostatic forces can also be used to pick up
the spheres and place them into position on the taper. Using this technique, the
need to glue the spheres to a manipulation stem for fusing is made redundant.
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Figure 6-27 Microspheres fused to the tapered fibre at a point, (a) A taper-fused 90 pm IOG2
sphere with 4.8 pW of lasing, (b) ZBLALiP sphere fused using a microheater and pump power (c)
38 pm IOG2 sphere fused to a 1 pm tapered fibre. The transmitted pump power in this case
remains high (61 %) and 100 nW lasing is observed after fusing, (d): Same as (b) but viewed from
above.

A number of taper-fused spheres fabrieated by heating with pump power
in the fibre only are shown in figure 6-27(a)-(d). Note that these spheres are fused
to the fibre over the smallest possible contact region. The fibre is not passing
through the microsphere as in figure 6-26, but rather is fused to the surface at a
localized region. The slight bend apparent in the fibre in figure 6-27(a) is an
imaging effect due to the differences in refractive indices. The estimated point of
contact between the taper and sphere is just one or two micron.

A 95 pm

diameter microsphere is used to explore the effect of fusing the taper using only
the pump power. The lasing spectra obtained before and after fusing are shown in
figure 6-28.
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Figure 6-28: Lasing spectra of a 95 pm IOG2 sphere (a) before fusing and (b) after fusing to a
tapered fibre using heating via the pump power only. Care was taken to avoid fibre submersion.

Prior to fusing, the microsphere lased at 1567 nm and had a maximum lasing
intensity of 5 pW and a transmitted pump power of 35 dBm. The peak lasing
power after fusing, shown in figure 6-28(b), is reduced to 419 nW, while the
transmitted pump dropped to 0.009 dBm and the peak wavelength shifted to 1565
nm. The measured 530nm/550nm intensity ratios for this experiment are shown
as sphere B in figure 6-25.

If the WGM spectra in figure 6-28(a) and figure 6-

28(b) are compared, a considerable alteration to the WGM structure is observed,
indicating a change in the size/shape of the resonator due to the fusing action. In
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order to achieve better control of the fusing process a platinum microheater is
placed 3 mm from the taper/sphere interface in conjunction with a very low pump
power. A 90 pm sphere is used for these measurements and, prior to fusing, a
maximum lasing intensity of 2 pW is observed. After fusing, the transmitted
pump power dropped by 16%. However, a reasonably large lasing signal of 4.5
pW is observ'ed and is shown in figure 6-29.

When comparing the WGM

structure from before and after fusing, some of the modes were enhanced while
some were repressed. Overall, however, there was little change, indicating that the
shape of the cavity was, largely, conserved.
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Figure 6-29; Lasing spectra of a 90 pin 10G2 sphere, before fusing and after fusing to a tapered
fibre using heating via an external microheater and 978 nm pump power launched into the tapered
fibre.

It should be noted that it is very difficult to fuse the microsphere to the
fibre when using an external heater only.

The heater will heat the sphere

uniformly, when the sphere reaches melting point it will collapse destroying the
sphere. Heating the sphere by pumping through the tapered fibre confines the
heating to the WGM path allowing this region to melt while the rest of the sphere
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remains solid. The best results were achieved by using a combination of external
heating and optical pumping via the tapered fibre.

6.7

Thermo-optical heater for microphotonics

In this section, the use of doped glasses a thermo-optical heater is discussed. This
provides an alternative to Peltier heaters or thin-film heaters that are usually
deposited on top of planar waveguides, in photonic integrated circuits (PICs) for
optical communication systems. Thin film or Peltier heaters are widely employed
in various polarisation sensitive, silica-on-silicon PICs, devices including
athermal - arrayed waveguide gratings
interferometers [202], etc.

[201], asymmetric Mach-Zender

Instead of an electric heater, an Yb'^^/Er^^-doped

waveguide could be incorporated under the arm of an integrated Mach-Zender
interferometer or under an integrated WGM add/drop filter, allowing thermooptical tuning of passive circuit elements used in various data modulation
schemes in optical communication systems. The heat generated in the Yb^VEr^^doped waveguides conducts into the passive circuit causing it to expand, thereby
making it tuneable (wavelength dependent) and eliminating the need for external
electrical heaters and contacts. The Yb^^/Er^^-doped heating element could be in
the form of a WGR or other cavity to maximise heating efficiency. This would
also allow the heater to have the same shape as the passive circuit or device. A
schematic of the proposed thermo-optical heater is shown in figure 6-30.
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Figure 6-30: Proposed thermo-optical heater for microphotonics.

A description of thermo-optical heating in fibre lasers is given in [203,
204]. The core temperature,

of a piece of Yb^^/Er^^ fibre with a length

given by L = 6.5 mm, a core radius, ^

- 6 pm, and a cladding radius, d ^ clad

= 125 pm, can be found from

Tcore =Tair. +
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is the ambient air temperature, a^^„^ = 115 W/m /K is the convective

coefficient of air,

U = P ! L.^...nd^
'sam
icore •

= 1.38 W/m/K is the thermal conductivity of Si02 and

^

amount of pump power dissipated as heat in

the fibre in mW and this can be as large as 40% [150] for Yb’^/Er ^-doped glass.
For a dissipated pump power of 500 mW equation 6.05 yields a temperature of
1100 K, which was achieved experimentally in [204]. As a simple model, a Si02
block (400 pm x 400 pm x 1000 pm) with an embedded Yb^VEr^^ co-doped
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waveguide (10 gm x 10 fim) positioned 20 pm from the top surface of the block is
used. On top of the block is a Si02 microdisk WGR with a diameter of 100 pm.
The microdisk is supported on a Si pedestal with a diameter of 80 pm, see figure
6-31. The temperature of the waveguide is calculated to be 1000 K when the
Yb^^/Er^^-doped material is dissipating 225 mW of pump power.
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Figure 6-31: Heat distribution from an Yb'^VEr^' -doped waveguide placed 20 pm from the top of
the Si02 block. The heat conducts through the pedestal to the microdisk causing it to expand. The
heat from the waveguide is simulated using a strip thin-film heater .set to 1000 K positioned on top
of the waveguide. Inset is a close up of the microdisk.

The steady state thermal distribution in the Si02 block and microdisk is
determined by simulating the waveguide as a thin-film heater running through the
Si02 block.

The simulation is done using commercially available software

(OlymPIOs) with the assistance of Dr. H. Fernando of Tyndall National Institute.
The temperature of the heater is set to 1000 K and positioned on the Yb^VEr^^doped waveguide core. The inset in figure 6-31 is a close up of the microsdisk.
The temperature of the microdisk is estimated to be nearly 800 K, which equates
to a cavity resonance shift of 1.3 THz (or 10 nm at 1550 nm) using a shift rate of
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2.5 GHz/K [47, 74]. Of course, if the Si02 block is part of a larger circuit, the
core temperature of the waveguide will be lower. However, this might be offset
by increasing the pump power, the waveguide cross-section area or by
transforming the waveguide into a cavity, as in figure 6-30, to increase pump
density and heating efficiency. It may also be possible to implement this system
on the end of a doped optical fibre. Recently a hexagonal symmetry type
membrane (InGaAs) was thermo-optically tuned over 10 nm by optically
pumping InAs quantum dots embedded within the photonic crystal [205].

6.8

Summary

Thermo-optics in Yb^ VEr^^-doped phosphate IOG2 glass microsphere as function
of the launched 978 nm pump power was explored. Temperature measurements
based on fluorescence intensities ratios were made and temperatures in excess of
800 K were reported.

Another chromatic switching channel (380 nm/409 nm)

was identified in Yb^^/Er^^-doped IOG2 spheres and the switching is possibly due
to a previously unidentified thermalisation process. Temperature measurements
were calibrated against the material’s known thermal expansion coefficients and
the measured shifts of the spheres IR WGMs.

The high temperatures and the

corresponding thermal expansion of the cavity led to large red shifts of the
sphere’s WGM resonant wavelengths. Red shifts in excess of 350 GHz at 1550
nm were observed for ~ 60 mW of 978 nm pump power launched in the taper
fibre coupler. The red shift of the WGMs is generally nonlinear due to
coincidental cavity/pump resonances.

A novel method was used to make the

tuning range linear. This involved sending 978 nm pump light up through the
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stem supporting the microsphere. This method was used to tune the doped
microspheres to arbitrary probe wavelengths.
Pump/probe experiments were performed using two free running narrow
linewidth (200-500 kHz) lasers at 1300 nm and 1550 nm. A third probe was also
QC

used and this probe was locked to the cooling transition of Rb atoms. The laser
lock was achieved by standard saturation absorption spectroscopy.

The

microsphere cavity was tuned across many pump/cavity resonances by simply
ramping the 978 nm pump power entering the fibre stem attached to the sphere.
Single resonances were isolated by adjusting the 978 nm pump power ramp
amplitude and offset and by adjusting the 978 nm input power to the sphere. In
this way the cavity can be scanned back and forth across a single cavity/pump
resonance. The microsphere was also tuned into the resonance for a few tens of
seconds . This was achieved by stopping the pump current ramp just before a
cavity/pump resonance and then manually increasing the 978 nm pump power.
The bistable nature of the optical output in doped microspheres was
explained using experimental results and a basic qualitative graphical model. The
bistable output was recorded for all the up/down conversion channels in most of
the microspheres used. Thermal damage of IOG2 spheres was found to occur for
around 70 mW of 978 nm pump power launched into a 1 pm tapered fibre
coupler. The microspheres melt at the taper/sphere junction when the temperature
exceeds ~850 K or the intensity ratio (530 nm/554 nm) rises above 3.5. A novel
method for permanently fusing the microsphere to the fibre coupler was
demonstrated and this design dramatically reduces the footprint of taper-coupled
microspheres and could have potential applications in cold atom experiments or
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biosensing. Lastly a thenno-optical heater was proposed for microphotonic
circuits.
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Chapter 7
Micromechanical Effects
7.1

Introduction

The study of optical forces on micromechanical systems and coupled
microcavities is of ever increasing importance, as the size of photonic devices
become smaller and, therefore, optical forces acting on such devices become ever
more significant [84-89] [103, 107].

These optical forces can be viewed as

efficient tools for controlling the motion of micro and nanobodies in space,
including trapping and corralling of small dielectric bodies such as planar slabs or
waveguides [206], microdisk or microspherical resonators [88, 89] and dielectric
cavities of more complicated structures [84, 89, 206, 207].

One important

configuration for creating sufficiently large optical forces could consist of two
closely positioned evanescently coupled microresonators.

In such an opto

mechanical system the optical forces arise due to the excitation of symmetric and
anti-symmetric electromagnetic modes with frequencies depending on the
^ Work presented in this chapter has been published in: J. M. Ward, Y. Wu, V. G. Minogin, and S.
Nic Chormaic, “Trapping of a microsphere pendulum resonator in an optical potential”, Phys. Rev.
A 79,053839(2009).
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distance between the cavities [87-89].

Frequency splitting of high Q modes in

systems consisting of two microresonators has already been extensively discussed
[87-89, 206] and experimentally observed for different shaped dielectric bodies
[206, 208-210]. Such a splitting arises from the degeneraey breaking of the co
resonant modes in the eoupled mieroresonators. This results in symmetric and
anti-symmetric modes being established in the mieroresonators, in what is
considered to be the optical analogue to the bonding and anti-bonding modes in
conventional molecules.

When the symmetric mode of the coupled

mieroresonators is excited an attractive force is generated and this tends to pull
the mieroresonators together. In contrast, the excitation of the anti-symmetrie
resonance leads to the generation of a repulsive force that pushes the
mieroresonators apart. In general, each individual microresonator possesses a
large set of optical resonances and each of these resonances is split in a eoupled
optomechanical system.

The optical forces result from the dipole interaction

created by electromagnetic fields in closely spaced dielectric structures. Light
travelling in the structure leads to a polarization of the eleetric field of atoms in
the material, thereby creating a dipole between the atoms and the light. When two
such structures are brought close together, the electric dipoles interact, creating a
force with a magnitude proportional to the intensity of the propagating light.
When the electrie fields of the dipoles are in phase (i.e. a symmetric mode
is excited) there is an attractive foree between the dielectric structures.

In

eontrast, if the dipoles are out of phase (i.e. an anti-symmetric mode is excited) a
repulsive foree arises. Unlike the dipole force between charged particles, where
the opposite signs of the electrie fields attraet the charges, opposite signs of the
electric fields related to the optieal gradient foree ereate a repulsive foree between
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dielectric particles. The optical force on dielectric waveguides and the forces in
electromechanical systems can be calculated by using the Maxwell stress tensor.
Momentum conservation arguments have been used to show that the average
electromagnetic force acting on a body is equal to the surface integral of the timeaveraged Maxwell tensors [85].
In recent work [89] it has been shown that, in the aforementioned twobody optomechanical system, the trapping optical potentials can be created by
exploiting the forces produced by the symmetric and anti-symmetric modes of
tw’o neighboring optical resonances. The system proposed [89] is shown in figure
7-1 and is composed of two 4 pm ring resonators placed on top of each other.
The top resonator is on a moveable cantilever, which allows the resonator to move
towards or away from the bottom one.

Figure 7-1: Schematic of movable ring resonators proposed by Rakich et al. [89] to trap two
microdisks.

In this approach the system is assumed to be pumped by laser light slightly blue
detuned from the crossover frequency of a symmetric and anti-symmetric mode.
Such an approach allows for the simultaneously creation of an attractive and
repulsive force, the sum of which may form a potential well a few tens of eV deep
[89]. Here is proposed an alternative approach to spatially confine the motion of
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coupled microresonators.

In this approach, the optical force is assumed to be

produced by the symmetric and anti-s>mimetric modes of the same optieal
resonance. This is achieved by simultaneous excitation of the system by fwoffequency laser light so that one monochromatic component of the light excites
the symmetric mode and the second component of the light excites the anti
symmetric mode.

7.2

Proposed experimental setup

Specifically, consider, as an example, an optical system consisting of two passive
microspheres, one of which is evanescently coupled to an optical fibre carrying
the exciting laser field and the other one is free to move in space. A schematic of
the proposed experiment is shown in figure 7-2. A photonic molecule, consisting
of two passive microspheres, is optically pumped by two-frequency laser light
using a tapered optical fibre.
3D stage

Figure 7-2: Proposed experimental setup. Sphere 1 is stationary and optically coupled to a tapered
optical fibre, while sphere 2 is free to move and optically coupled to Sphere 1. The pumping laser
field consists of two monochromatic field components with frequencies Vi and V2. Insert shows the
transmission of a weak probe signal as a function of frequency for a given separation, jc, between
the microspheres.
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The first microsphere (sphere 1 in the diagram) is fixed and unable to move, while
the second, movable microsphere (sphere 2) is suspended by a thin fibre stem and
acts as a pendulum in the photonic molecule system. The length of the stem can
be chosen in order to ensure that the pendulum has the desired spring constant.
The microspheres are positioned so that they are separated initially by less than
500 nm to ensure that whispering gallery modes excited in the first microsphere
are coupled into the second microsphere.

7.3

Qualitative description

A qualitative plot of the mechanical properties of the proposed system is shown in
figure 7-3, in which the symmetric and anti-symmetric modes of the photonic
molecule originating ifom a degenerate mode with frequency,

are shown.

(a)

Anti->>> nimetric

y:
y.

Figure 7-3(a): Qualitative dependence of the frequencies of the symmetric (lower line) and anti
symmetric (upper line) optical mode in a two-sphere system as a function of

the sphere

separation; (b) nature of the optical force on sphere 2 as a function of sphere separation; (c) shape
of the optical potential for sphere 2 as a function of sphere separation.
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It is assumed that two-frequency laser light excites the symmetric and anti
symmetric modes of the photonic molecule. Laser light with frequency
effectively excites the anti-symmetric mode at a sphere separation, x, Light with
frequency V < Vq excites the symmetric mode at a sphere separation, Xj.
2

Generally, these two modes create a force on sphere 2 at any position, with zero
force at the equilibrium position, Xq , located between points x, and X2, as shown
in figure 7-3(b). Specifically, when the movable microsphere, sphere 2, is located
at a relatively small distance around x, in the region x<X(), it is mostly excited
by the anti-symmetric mode with frequency close to

and, accordingly, it is

acted on by a positive force which attracts the microsphere to the equilibrium
position from the left. In a similar way, if sphere 2 is positioned in the region
X

> X() around

X2

it is mostly excited by the symmetric mode with frequency

close to V'2 and is acted on by a negative force which attracts the microsphere to
the equilibrium position from the right. Applying two-frequency laser light,
therefore, generates an optical force that is responsible for the creation of a
potential well with a minimum at Xq as shown in figure 7-3(c).

The position of

the equilibrium point may be controlled by varying the laser frequencies,
and V .
2

Any disturbance of sphere 2 from its equilibrium position could be

detected as a shift in the resonance positions of the symmetric and anti-symmetric
modes, and could be monitored using a very weak probe laser.
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7.4

Calculation of frequency splitting and optical force

Assuming that the movable sphere 2 is brought into the evaneseent field of the
fixed sphere 1, firstly, the splitting of the optieal resonance defined by a polar
mode number /, azimuthal mode m = I and radial mode n = \ is evaluated. For
a given resonance, the frequencies of the anti-symmetric,

, and symmetric,

,

modes as a function of the separation between the microspheres can be found
from [211]

)

1+

where l'„ is the unshifted modal frequency,

(7.01)

is the frequency

shift due to overlapping of the evanescent fields of the microspheres, and
- nis the frequency shift caused by the change in the optical path
length of one microsphere due to the presence of the other. In the above
equations, y-X.!2;7'y«7^^

the evanescent field decay length defined by the

refractive index, n^, of the microspheres at wavelength X-cjv.

and rip are

functions of microsphere dimensions and refractive indices. Specifically,
microspheres of radius,
index,

=12.5 pm, made of fused silica with a refractive

=1.46, and a quality factor, ^ = 10*^ are used. Each sphere is assumed

to support an electromagnetic mode with numbers / = 65, m = I, n = \, and a
corresponding wavelength /l = 1568 nmor size parameter 50.0668, calculated
according to the asymptotic expansion given in equation 2.19. These parameters
were chosen so that the microspheres resemble a realistic experimental setup.
For such microspheres, the free spectral range Af = c/2;r/?«^ = 2.6 THz,

180

J = 234.6 nm,

<3^ =1.4, and ^^^^=0.1 [211].

In the proposed system each

microsphere experiences an optical force defined by the optical energy stored in
the microsphere. The optical force on sphere 2 can be evaluated from
(7.02)
where the partial forces due to the anti-symmetric and symmetric modes are
defined by [85, 88]
1 '
F^=-----U
o.s

,
d{co,, -I)
1 ,
\J_-FJ1--------^ .(7.03)

1
a.s

j

,

A

dx

cOr,

dAo)^ ^
dx

and U^are the energies of the electromagnetic field stored in the anti
symmetric and symmetric modes pumped by external fields with frequencies
co^ = 2;rv, and cOj = 27rv2, such that

(r/2)^

= u„

W,-a,„J+(r/2y '
where 7.04, T is the linewidth of the cavity resonance,

(7.04)

Uq is the maximum

energy stored in a single microsphere at resonance, such that Uq =PQ/cOq.
Q = co^ /r is the quality factor of a single microsphere, P is the optical power,
and cOq = 2;zVq .

Here, it is assumed that the symmetric and anti-symmetric

modes can be treated as individual Lorentzian-shaped resonances and that the
energy in the photonic molecule varies with the detuning from each mode [45,
209,211].
The frequencies of the split modes for the microspheres are plotted in figure
7-4(a), for an intersphere gap of (250 ± 0.07) nm. The numerical results presented
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in figure 7-4(b) and 7-4(c) were obtained by ehoosing the equilibrium position of
Sphere 2 to be

= 250 nm .

At equilibrium position, frequeneies for the anti-symmetric and symmetric
modes,

“^05(^0)’

determined from equation 7.01. To

obtain a zero value for the optical force at a'q , v^ and Fj are detuned from v Oa
and Vq^ by equal amounts. Detunings of A = 0.7r, 3r and ST are used for the
results presented.

Figure 7-4(b) shows the optical force on the movable

microsphere, calculated for three different sets of applied laser frequencies, F, and
V2, and an optical power, P = 1 mW. Figure 7-4(c) plots the optical potential for
the movable microsphere generated by the optical force determined from equation
7.02. The as)nTimetry in the potential well is due to the asymmetry between the
attractive and repulsive forces. One can see that, as the detuning increases from
0.7F to SF, the depth of the potential well increases from 5 to 13 eV and the
FWHM of the trap increases from 10 to 58 pm.
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Figure 7-4:

Photonic molecule system with sphere radii

=12.5 , r/2.;r = 2

MHz,

= 1.46 , ^ = 10^, 2 = 1568 nm and P = 1 mW. (a) Frequency splitting of the anti-symmetric
and symmetric optical modes for an unshifted modal frequency, Kq = c/2 = 191 THz, as a
function of sphere separation.

The equilibrium position of sphere 2 is Xq = 250 nm and the

applied laser frequencies, V| and V2, are blue-detuned from the equilibrium position frequencies,

and

and

. (b)

Position dependence of the optical force on sphere 2 for three different detunings of

P, and

Vj from

Vq^

bySF. The arrows show the direction of the partial forces,

and V ^ . (c) Optical potential for sphere 2 as a function of position for the same
q

detunings as (b).
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7.5

Mechanical properties

Next, the mechanical properties of a pendulum composed of the movable
microsphere attached to a cantilever are evaluated and compare them to the opto
mechanical properties of the pendulum in the photonic molecule. The spring
constant of a cylindrical cantilever of radius,

and length, L, defines the

deflection oscillation mode of the pendulum.

This can be evaluated using

= (3;r/4)(Aa''/T'^), where A is Young's modulus. For a system fabricated in
our laboratory, composed of a silica cantilever of radius, a = 1 pm, and length,
L = 0.01 m, attached to a silica microsphere of radius,
Af = 1.8x 10“" kg, thus

=1.7x10"^ N/m and

= 12.5 pm and mass,
= [^fc^/M

~15Hz.

The extremely small value of x; ensures that, in the absence of the optical force,
the microspherc at the end of the pendulum is essentially free to move in the
horizontal plane. For silica Young’s modulus, A = 72.6GPa, and the density,
p - 2200 kg/m^.

When the pendulum is part of the self stabilizing photonic

molecule, as outlined earlier, the oscillation frequency of the pendulum along the
x-direction is defined by the spring constant,
spring constant,

, of the optical force and the

, of the cantilever. Assuming that /r, <

and the mass of

the microsphere, Af, exceeds that of the cantilever, m, the oscillation frequency is
evaluated as

.

As an example, we evaluate the spring constant,
silica

microsphere

pendulum

with

radius,

, of the optical force for a
<7^ =12.5 pm

and

mass,

Af =1.8x10“" kg (at a density of /? = 2200 kg/mand assuming a detuning.
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A = 3r [see figure 7-4(b)], for this case, the FWHM of the well is Ax = 30 pm .

The spring constant is evaluated from equations 7.01 to 7.04 and is given by
Kop, = -[dF /
is given by

= 4500 N/m and the opto-mechanical oscillation frequency
/2;r = 2.5 MHz. The derivative of the net force is plotted in

figure 7-5, from this graph
that the quantities

and fl

= 4500 N/m. It is worth noting
, produced by the optical force, considerably

exceed the corresponding values defined by the material properties of the
cantilever, /r and fl..

D
O

,o
(U

Figure 7-5: Derivative of net force for a detuning of A = 3r. The areas in the green boxes have
optical spring constants,

< 4500 N/m . The width of each box is ~ 4 pm.

Taking into account the spring constant of the pendulum along the xdirection due to the optical force one can evaluate that, at a temperature, T, the
uncertainty in the pendulum position is
A = 3r, when

=

.

For a detuning,

= 4500 N/m , the position uncertainty at room temperature,

T = 300 K, is estimated to be as low as ~ 1.4 pm. The position uncertainty can be
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further reduced by using a larger spring constant and lower temperature.
However, a larger spring constant would also reduce the maximum displacement
of the pendulum that can be achieved by the optical force and the sensitivity of
the pendulum to external forces. In addition to the dramatic influence on the
deflection mode along the x-direction, the optical force also influences the
deflection mode of the pendulum along the orthogonal y direction, i.e. in and out
of the plane in figure 7-2. The qualitative behavior of the pendulum after a
displacement along the y axis can be explored if one considers the optical
potential shown in figure 7-6 while taking into account the practical
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Figure 7-6(a): 3D plot of optical potential fornied by moving sphere 2 to different points in the jr-y plane. In
reality the azimuthal symmetry is broken by the inextensibility of the cantilever and the natural gravitational
potential.

(b): Optical potential in the x-y plane, the color scale indicates the depth of the potential. The

dashed white line represents the minimum of the potential. Point 1 shows the equilibrium position of sphere 2
and point 2 is chosen for illustration of the force components in figure 7-5.

Note that, if there were no cantilever present, the movable sphere 2 would
be able to orbit around the fixed sphere 1 along the circular trajectory shown by
the dashed white line in figure 7-6(b).

The dashed white line represents the

minimum of the potential. Point 1 indicates the equilibrium position of sphere 2
and point 2 is chosen for illustration of the force components in figure 7-7. The
presence of the cantilever - fixed at a suspension point and being of constant
length (for all practical purposes) - breaks the angular symmetry of any possible
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displacement of sphere 2. As can be seen from figure 7-6 and figure 7-7, any
displacement, y, of sphere 2 along the y direction in a curved optical potential
produces a restoring force, F, in the x-y plane with values of the force components
~F~

~

The displacement in the y direction is,

therefore, always connected to the displacement in the a' direction due to the
curv ature of the optical potential in the A -y plane, see figures 7-6 and 7-7.

(*>■

Sphere

Sphere 2

Figure 7-7; Schematic of the forces on sphere 2 for the displacement from point 1 (i.e. the equilibrium
position) to point 2 chosen on the v-axis. The dashed circular line centered on sphere 1 represents the
minimum of the optical potential.

As a result, the movement of sphere 2 in the A-y plane represents, generally, a
nonlinear motion. This imposes a difficulty in evaluating the extension of the
pendulum oscillations along the y-direction. Nevertheless, a rough estimate can
be made as follows.

At thermal equilibrium the typical value of the force

component along the A-direction is estimated from F^ ~ F ~ /c^^^Ax, where

Aa

is

a mean thermal displacement. Accordingly, the restoring force along the y axis
can be characterized by a spring constant given by

k^.

~

k

[Axjld

= 2.5x10^ N/m. This optical spring constant exceeds the material spring
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constant for the deflection modes,

, by 3 orders of magnitude. Accordingly, the

uncertainty in the pendulum position along the y axis due to optical force can be
roughly evaluated as Av =

= 5.8 nm .

Another important factor that may influence the motion of the pendulum
along the y-direction is gravity. A displacement of the pendulum along the y axis
by a value of Ay leads to an angular displacement of the pendulum, 0 ~ Ay / d^,
and a vertical displacement Az ~

. Accordingly, at thermal equilibrium, from

the expression (M + f )gAz ~ k^T, where m is the mass of the cantilever and M is
the mass of the microsphere, the maximum vertical displacement is detemiined to
be 8 pm and the maximum displacement along the y-direction is 10 nm. Note that
any contribution to the maximum displacement arising from the mechanical
restoring force of the cantilever is negligible compared to that due to gravity and
has, therefore, not been included. This estimate for Ay is close to that already
detennined for the optical potential and highlights the fact that the pendulum
motion is limited to less than 10 nm in this direction.

A similar maximum

displacement estimate can be made for the x-direction. However, the optical trap
provides much tighter confinement for the pendulum in this direction once the
laser is switched on.

7.6

Pendulum fabrication and characterisation

A microsphere pendulum is made by heating the end of a tapered optical fibre
with the focused beam of a CO2 laser. The tapered fibre should be 1 pm or less in
diameter and a few tens of millimeters in length. Initial heating produces a small
sphere, but repeated heating and feeding the fibre into the laser focus makes larger
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spheres. Although the process can be difficult to control a 20 pm sphere on a 2
pm stem with a length of few millimeters can be readily achieved.

Basic

mechanical parameters for different pendulum dimensions are shown in Table 71. The highlighted rows have been made in the Quantum Optics laboratory, the
other rows are given to demonstrate the range of mechanical spring constants.
Table 7-1: The mechanical properties of the various pendulum dimensions, the highlighted rows have been
made in our lab. The extremely small spring constant ensures the microsphere at the end of the pendulum is
essentially free to move in space.
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Thermo-optical actuation of a microsphere pendulum

In order to induce mechanical forces on the pendulum, it is irradiated by focused
978 nm laser light. The light is focused from the end of a fibre lens of similar
dimensions to that given in [212]. An image of such a tapered fibre made in the
Quantum Optics laboratory is shown in figure 7-8.
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Figure 7-8: Optical fibre half-taper made by asymmetrical pulling using a CO2 laser as the heat
source. The fibre half-taper is about usually 1- 2 mm long with a rounded tip that is used as a
focusing lens.

A ~1 mm section of standard optical fibre is heat by a focused CO2 laser beam.
One end of the fibre is held stationary while a stepper motor pulls on the other end
until the fibre breaks. A close-up of a fibre half-taper tip is shown in figures 79(a) and 7~9(b), including a 20 pm sphere pendulum with a stem diameter of 2
pm and a length of 3 mm.

Figure 7-9(a); Microsphere pendulum, (b): Microsphere pendulum irradiated by 978 nm light from
a tapered optical half-taper. The power of the 978 nm light can be modulated at a few hundred
MHz.

As the 978 nm light launched into the fibre half-taper is increased, the pendulum
is pushed away from the fibre tip. Reducing the pump power to zero brings the
pendulum back to it original position. When the pump power is modulated, the
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pendulum oscillates back and forth. The maximum frequency of the pump power
modulation is 500 MHz. This is limited by the maximum modulation frequency
of the diode laser and is far above the camera acquisition rate. An imiage of the
pendulum in motion is shown in figure 7-9(b).
Figure 7-10(a) shows the measured deflection of the pendulum for increasing 978
nm pump power. The pendulum is initially placed 4 pm from the tip of the fibre.
The deflection increases linearly with increasing pump power and the maximum
recorded deflection is 19 pm. Figure 7-10(b) shows the measured deflection at
different distances from the fibre tip with a constant pump power of 50 mW. The
amount of deflection decreases exponentially with increasing distance from the
fibre tip. The force acting on a cantilever isF = -k\ x deflection, where

is the

spring constant of the cantilever. With a laser power of 2.4 mW the pendulum is
deflected by 2.4 pm, which corresponds to a force of 0.2 nN when using
=1x10“^ N/m. The force as function of deflection is plotted in figure 7-10(c).
The pendulum motion here is attributed to a thermal effect, i.e. heating of the air
between the fibre tip and the pendulum and/or heating of the pendulum by
material absorption. It is estimated that a force of 0.2 nN is enough to eause a
deflection of the pendulum. Therefore, the bonding and anti-bonding force in a
photonic molecule should be sufficient to displace a microsphere pendulum and
possibly enable trapping.
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Figure 7-10(a): Deflection of pendulum as the pump power in the fibre half-taper is increased
linearly, (b) Deflection of pendulum for a fixed (50mW) pump power and increasing separation
between the microsphere and the fibre tip. (c) Estimated optical force based on a spring constant
of lO'^’N/m. The estimated forces from purely reflected and purely absorbed light are also shown.
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7.8

Summary

In summary, the potential optical forces in a photonic molecule consisting of a
stationary fibre coupled microsphere and a movable microsphere pendulum were
investigated. In the proposed scheme a movable microsphere (pendulum) can be
localized in a region as small as 1.4 pm in the v-direction and 5.8 pm in the ydirection. An important feature of this approach is the opportunity it offers to trap
the pendulum at any given position since, by a judicious choice of the frequencies
of the laser light, one can predefine the equilibrium position of the pendulum. It is
important to stress that in this case, the symmetric and anti-syTnmetric modes can
be simultaneously excited by two fixed laser lines so that the movable
microsphere may be spatially trapped at any frequency position where the
splitting occurs, without size restrictions. One important application may consist
of precision control of the gap between resonators of a photonic molecule, thus
allowing for extremely fine tuning of the optical modes.
It is estimated that the amount of resonant mode splitting of coresonant
WGMs in the photonic molecule to be ±90 GHz at 1550 nm in 25 pm spheres
and the resulting optical forces to be ±150 nN between the two microspheres.
Some of the mechanical properties of the proposed setup were briefly explored
and an estimate of the optical spring constant
was made.

=-{dF I dx)=4500 N/m

Further analysis of the proposed system proved difficult by the

inherent nonlinear relationship between the v and y components of the optical
force.
Next, the different dimensions of the pendulums made in the Quantum
Optics laboratory were explored in order to determine the amount of force needed
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to move a typical pendulum. The pendulum tested was actuated by irradiating the
sphere with 978 nm light from the tip of tapered fibre probe. From the
displacement it is estimated that, for a 2.4 pm displacement, a force of 0.2 nN
must be applied to the pendulum if a spring constant of

= 1 x 10"^ N/m is used.

It appears that the actuation of the pendulum is mostly a thermal effect. However,
it is unclear if the air between the pendulum and the fibre is being heated or if the
pendulum is being themially deformed or both. A full understanding of this will
require further study.

In conclusion, the microsphere pendulum should be

actuated by the purely optical dipole force (~100 iiN) if the appropriate mode of
the photonic molecule is excited.
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Chapter 8
Conclusion and Outlook
8.1

Conclusion

The work presented in this thesis investigates the optical properties of Er-doped
fluoride and Yb/Er-doped phosphate glass whispering mode resonators in the
form of microspheres. The optical properties of the microspheres were briefly
outlined. The doped microspheres were fabricated using a microwave plasma
torch and a novel approach using an electric furnace and a large syringe. Passive
Si02 microspheres were made using a 25 W CO2 laser. SEM images revealed the
different surface qualities for the doped and passive spheres. The phosphate glass
microspheres have a better quality than the fluoride microspheres.

From the

results, the Yb/Er-doped phosphate glass microspheres made in the electric
furnace match the quality of those made in the microwave plasma torch.
Coupling to the microspheres was achieved using an evanescent field
coupler made from a tapered single mode optical fibre and contact coupling was
used throughout with coupling efficiencies as high as 80%.

Four different

fabrication methods were explored for making tapered fibres each consisting of
linear translation stages which were used to stretch the fibre while it is being
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heated. Heat was provided by a focused CO2 laser, electric furnace, sapphire tube
furnace or an oxy-butane torch.

Each heat source has its advantages and

disadvantages. For example the CO2 laser could not make submicron sized fibres
but the hot zone on the fibre could be precisely controlled, whereas the oxybutane torch was found to make tapers with the lowest losses (~2%) and smallest
diameters (600 nm) but requires strict control of the flame.
Once the fibre coupler was perfected optical pumping of the microspheres
could begin. The microspheres were pumped around 978 nm and the emissions
were characterized.

From the Er-doped fluoride glass called ZBLALiP over 13

upconversion channels were observed and identified, the highest number observed
for a singly-doped glass. Outcoupling of the upconversion emissions over a range
of 550 nm was realised by using a second, tapered multimode fibre. Weak IR
(1500-1600 nm) lasing (< 250 nW) was observed in ZBLALiP spheres. However,
this is larger than the pW lasing previously reported for ZBLALiP spheres
pumped at 1480 nm. The weak IR signal is believed to be due to the low phonon
energy (~650cw‘’) of the glass which places the downconversion channels in
direct competition with upconversion channels.
In the fluoride glass called ZBNA no 1500-1600 nm emissions were
observed when pumped around 978 nm.

Again, this is due to the very low

phonon energy (<500cm'') which makes it impossible for IR lasing to occur in
this glass.

In contrast, and because of the very low phonon energy, ultra low

threshold (< 3 pW) green upconversion lasing in ZBNA microspheres is observed.
This is ten times lower than that reported in the literature [49], even with
relatively poor surface quality.

Lasing signals between 1500-1600 nm were

readily observed in the Yb/Er phosphate glass (IOG2) microspheres pumped at
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978 nm. The peak intensities were about 100 pW with side mode suppression
ratios as large as 40 dB. These spheres were seen to lase with either a single
mode or multiple modes.
The temperature of the doped microspheres under optical pumping at 978
nm was determined by measuring intensity ratios in the upconversion spectrum
and the thermal shifts of the spheres’ WGMs. The temperature was calibrated
against the material’s known thermal expansion coefficient. Temperatures of over
800 K were recorded in the IOG2 spheres and over 450 K in the fluoride spheres.
A new thermalisation process between closely spaced energy levels emitting at
380 nm and 409 nm was identified in IOG2 microspheres. The thermal limit of
the IOG2 microspheres pumped around 978 nm was determined to be around 850
K. Thennal damage to the microspheres appears at the point where the tapered
fibre and sphere make contact, resulting in the sphere fusing to the fibre. This
presented an opportunity to develop a method of permanently fusing doped
microspheres to the fibre coupler without destroying the functionality of the
microsphere resonator.
The high temperatures in the microspheres also caused red shifting (up to
700 GHz at 1550 nm) of the spheres WGMs. The shifts were shown to be largely
nonlinear if a coincidental cavity/pump resonance was encountered. The shifting
WGMs and thermal feedback near a cavity pump resonance results in optical
bistability, which was observed in all the spheres used in this study.

A novel

method for making the tuning range linear was developed. This involved sending
pump light up through the stem, which supports the microsphere, and through the
fibre coupler and 480 GHz of linear tuning was recorded using this technique.
Using the same method it was possible to tune the microsphere to resonance with
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a number of arbitrary probe wavelengths including the cooling transition of 85 Rb
atoms. A proposal was made to tune microphotonic elements in photonic circuits
by replacing metal heating elements with Yb/Er doped waveguides and a simple
model was developed to detemiine the heating of a microdisk on top of a Si block
containing a Yb/Er doped waveguide pumped at 978 nm. It is estimated that 10
nm of tuning at 1550 nm could be possible in such a setup.
A micropendulum was fabricated from passive Si02 fibre. The pendulum
was actuated by irradiating it with 978 nm light from the tip of a tapered fibre.
The spring constant of the pendulum was estimated to be lO'"^ N/m and it was
displaced by 2.4 pm when 2 mW was launched into the tapered fibre. Thus, the
force on the pendulum was estimated to be around 0.2 nN.

The mechanism

behind the actuation was not determined but is believed to be mainly a thermal
effect.

A proposal for trapping the pendulum using the optical forces generated

in a photonic molecule was presented.

The photonic molecule consists of a

stationary, fibre-coupled microsphere and the micropendulum. Co-resonant modes
in the molecule split to form symmetric and anti-symmetric modes, which
generate attractive and repulsive forces, respectively. A numerical model was
established to detemiine the depth of the optical potential created by simultaneous
excitation of both symmetric and anti-symmetric modes; the potential was found
to be over 10 eV deep. From this model it was found that the curved potential of
the trap could confine the pendulum to 1.4 pm in the x-direction and 5.8 nm in the
V-

direction and that the restoring force of the trap may have a nonlinear

relationship between its x and v components.
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8.2

Outlook

The Er-doped fluoride and Yb/Er phosphate glass microspheres used throughout
this work could potentially be used as miniature lasers, multicolour light sources
or even as an optical latch in microphotonic circuits. Improved robustness could
be achieved by replacing the tapered fibre coupler with a ridge waveguide. Glass
forming techniques could be used to permanently fuse glass spheres or other
exotic shapes to the surface of optical waveguides. A number of microsphere
lasers incorporating a wide variety of dopants could be fused to an array of ridge
waveguides (one sphere per waveguide). Lasing in the spheres could be achieved
by pumping the array with a super continuum source. The output channel could
be selected by MEMS switch. Highly doped Yb/Er waveguides could replace
electrical heating elements. Optical pumping at 978 nm generates enough heat to
compete with electrical heaters traditionally used for tuning microphotonic
devices.
The microsphere pendulum, studied in this thesis, resonantly coupled to
light in an optical waveguide or as part of a photonic molecule could be used as a
highly sensitive sensor where movements of the pendulum are detected by
changes in the transmitted power or resonance positions.

Ultralow spring

constant (10'^ N/m) pendulums could be made and possibly used to study weak
optical forces, charge effects or perhaps even chaotic motion.
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Appendix A
Heat-and-pull rig for fiber taper fabrication
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Appendix H
Thermo-optic tuning of WGM Er:Yb doped phosphate glass
microspheres
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We demonstrate an all-optical, thermally-assisted technique for broad range tuning of
whispering gallery modes in microsphere resonators fabricated from an Er:Yb co-doped
phosphate glass (IOG-2). The microspheres are pumped at 978 nm and the heat generated
by absoiption of the pump expands the cavity, thereby altering the cavity size and
refractive index. We demonstrate a significant nonlinear tuning range >700 GHz of both
C- and L-band cavity emissions via pumping through a tapered optical fiber. Finally, we
show that large linear tuning up to -488 GHz is achievable if the microsphere is
alternatively heated by coupling laser light into its support stem. © 2009 Optical Society
of America

OCIS codes: 140.3945, 230.3990.

Spherical whispering gallery mode (WGM) resonators can be used in a broad range of
applications from bio-sensing [1] to laser engineering [2].

Beyond the interest for applied

studies, such resonators are also of interest for more fundamental studies, e.g. cavity QED [3-5].
A key requirement for many applications is the ability to tune the resonator to an energy
transition of the atomic species (or material) under investigation [6-8].

In this Letter we

demonstrate thermo-optical methods for tuning the WGM resonance frequencies of doped glass
microspheres over a very large dynamic range. Er:Yb phosphate glass (IOG-2) microspheres are
pumped at 978 nm via a tapered optical fiber. This causes internal heating of the microsphere,
with the heat concentrated in the optical mode volume, leading to nonlinear tuning of -700 GHz.
Alternatively, we can heat the sphere more uniformly by optically pumping through its
supporting stem [9| resulting in linear tuning.

Note that small thermo-optically induced

resonance shifts (-100 GHz) were previously observed in ZBLALiP and iOG-2 microspheres
pumped at 1480 nm [ 10], but the tuning of the modes was not explored in detail by the authors.
The IOG-2 glass we used is doped with 3 wt% EriO^ (2.5 x 10
with 5 wt% Yb203 (4.2 x 10" lons/cm ).

lons/cm ) and co-doped

We study lasing and upconversion fluorescent

emissions following continuous pumping with 978 nm laser diodes.

A schematic of our

experimental setup is shown in Fig. 1. Pumpl is used to generate 1550 nm lasing modes within
the resonator and efficient coupling is attained via adiabatically tapered fibers fabricated using a
direct heat-and-pull technique.

The power of pumpl is adjusted using an electronically

controlled variable attenuator. The upconversion spectrum scattered from the microsphere is
collected in free space using a large core, multimode fiber connected to a CCD spectrometer
(Ocean Optics USB4()00). When required, a second 978 nm FBG diode laser (pump2) is used to

send light up through the fiber stem, with a 20 jum tip, that is attached to the microsphere using
UV curing glue and is used for sphere manipulation [9].
The main transition processes for Er:Yb phosphate glass pumped around 978 nm have
been extensively described elsewhere [11-13]. Boltzmann statistics can be used to describe the
strong thermal coupling and the population redistribution between the “//11/2 and ^^53/2 erbium
energy levels that lead to green emissions at 530 nm and 554 nm respectively on decay to the
"^715/2 state. The emission intensity ratio from these tv^o levels is a function of the cavity mode
temperature (12, 13]. The calculated temperature can be calibrated using the material’s known
thermal expansion coefficient and, thence, the thermal coefficient can be obtained 112].
Applying the spectroscopic data in 1101 to the IOG-2 sphere in this work, we plot the
temperature as a function of the 530:554 intensity ratio, the results of which are shown in Fig. 2
The largest measured 530:554 nm intensity ratio for IOG-2 is 3.5, equivalent to a
temperature over 800 K. This temperature is high compared to the glass transition temperature
of 648 K 114]. However, it is important to emphasize that the calculated temperature does not
represent the temperature of the bulk material, but only that of the mode volume.

Heat

dissipation from this region through the remainder of the material would account for no evident
thermal stress on the sphere at temperatures lower than 800 K.

Increasing the 530:554 nm

intensity ratio to greater than 3.5 would, however, cause thermal damage of the microsphere [9].
Any increase in the microsphere temperature, <5r, leads to an expansion, SR, of the
microcavity and a change in the refractive index, ^7, of the material.

The effect of these

changes on the cavity resonance position, SX, can be estimated from [10]

(1)

where X is the resonance wavelength and R is the microsphere radius. The IR emission crosssection of IOG-2 spans over 150 nm and a 20 nm window within this range is recorded on an
optical spectrum analyzer. The IR spectrum detected from a 40 fim IOG-2 sphere is shown in
Fig. 3(a). Eight WGMs are identified and the peak positions are recorded as the launched pump
power through the fiber taper is increased from 10 //W to 45 mW (c.f. Fig. 3(b)). Note that
pump2 is switched off during these measurements. The launched pump power is increased in
steps of 900 //W for the first ten steps and then in 4.5 mW steps. The total frequency red shift for
each mode is 460 GHz (or 3.68 nm). Using the glass manufacturer’s quoted thermal expansion
of SRjSr = 145x10 ’’ K ' 114] this equates to a temperature rise of 165 K, yielding a total shift
rate of 0.022 nm/K. The temperature corresponding to each point is also estimated from the
green upconversion fluorescence ratios. The initial temperature of the microsphere is -345 K,
while the maximum temperature recorded is -515 K. This yields a thermal expansion rate of
140x10-' K ‘, which is -3% less than that quoted by the manufacturer for this
temperature range.

As in [10] and [12] we assume the change in refractive index to be

negligible, as it is typically ten times smaller than the cavity expansion rate.
The tuning range in Fig. 3(b) can be divided into three distinct regions: (A) between 0.9
mW and 5.4 mW the slope is 0.22 nm/mW and is followed by a sharp jump in wavelength (1.58
nm) for all modes. This jump is caused by a sudden build up of pump power in the cavity due to
a coincidental pump/cavity resonance condition, thereby creating a sharp increase in temperature
(and fluorescence intensity) and a fast cavity expansion. In (B) the slope drops back to 0.15
nm/mW and in (C) the slope is further reduced to 0.014 nm/mW. Increasing the launched pump
power above -70 mW results in the sphere melting and fusing to the fiber [9]. Pump/cavity
resonances caused by sharp spectral features in the pump field, and the resulting bistable

behavior [13, 15, 16], means that the tuning is generally nonlinear [see Figs. 3(b) and 4(a)].
Thermal feedback near such a resonance condition makes it difficult to control the tuning in this
region. Occasionally, up to 75% of the tuning range can result from these resonant jumps. In
contrast, the resonant jumps are not always observed and, in this case, the maximum tuning
range is linear and limited to -300 GHz. Fig. 4(a) shows the measured tuning ranges for three
different IOG-2 microspheres tuned by increasing the pump power into the fiber taper. All plots
in Fig. 4(a) show strong nonlinear behavior, but demonstrate the possibility of a large tuning
range up to 700 GHz.
Finally, we demonstrated tuning of the WGMs of a microsphere by pumping up through
the support stem with 978 nm pump light (pump2 in Fig. 1). Pumpl, connected to the fiber taper,
is reduced to a minimum and is only used to generate the 1550 nm WGMs within the cavity. The
pump light entering the cavity via the stem does not generate coherent WGMs, but rather
dissipates within the sphere, heating it more uniformly. Using this method we have observed up
to 488 GHz of linear tuning, as shown in Fig. 4(b).

Note that it is still possible for the

microsphere to become resonant with the pump light (pumpl) in the fiber taper. However, by
keeping this pump power to a minimum, we were able to avoid significant resonant jumps and
demonstrate linear tuning via the stem. The cavity/pump resonances and the shifting WGMs lead
to optical bistability in glass microspheres. The chance for occurrence of a pump/cavity
resonance (between the light in the fiber taper and the cavity) may be reduced by using a broad
amplified spontaneous emission (ASE) pump source with no sharp spectral features. However, a
much higher pump power would be needed to achieve a tuning range larger than 300 GHz.
Alternatively, using an ASE source (or low power pump) to generate the lasing WGMs and a

cheap, high-power 978 nm laser pumped through the stem, larger linear tuning ranges should be
achievable.
In conclusion, we have demonstrated linear and nonlinear wavelength evolution of
WGMs in Er:Yb co-doped glass microspheres as a function of launched pump power. A large,
nonlinear shift of >700 GHz has been observed for all IR fluorescence and/or lasing WGMs.
The nonlinear behavior is attributed to coincidental cavity/pump resonance conditions. Linear
shifts up to -488 GHz were demonstrated by uniformly pumping the microsphere via its support
stem as opposed to using the taper coupler. The approach used here to tune the cavity has
advantages over other methods due to its reduced footprint, since it removes the need for bulky
electrical contacts or mechanical components, thereby bringing the system closer to an integrated
package.
We thank P. Feron, ENSSAT, Lannion, France for providing the microspheres. This
work was supported by Science Foundation Ireland under Grant Nos. ()7/RFP/PHYF518 and
()7/RFP/PHYF518s2.
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FIGURE CAPTIONS
Fig. 1. (Color online) Schematic of the experimental setup. OSA: optical spectrum analyzer, WDM: wavelength
division multiplexer, 90/10: 90:10 coupler. Inset: image of the microsphere on its fiber stem and the coupling taper.

Fig. 2. Calculated and measured temperatures for increasing 530 nm/554 nm intensity ratios in an lOG-2
microsphere.

Fig. 3. (Color online) (a) Eight WGM resonances from a 40 //m lOG-2 microsphere. The pump power was initially
below the microsphere’s IR lasing threshold. As the pump power increases the peak intensities grow from a few pW
to a few pW for the lasing modes, (b) Evolution of the eight WGM peak wavelength positions as pump power is
increased.

Fig. 4. (Color online) (a) Tuning of WGMs by increasing the pump power (pumpl) in the tapered optical fiber, (b)
Tuning of WGMs by increasing the pump power (pump2) in the stem. The series marked by the red stars are from
the same microsphere. The tuning ranges in (b) were only limited by the power of our pump2 laser (maximum -250
mW).
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We demonstrate upconversion lasing and fluorescence from active microspheres
fabricated from a novel fluorozirconate, Er-doped glass, ZBNA, when pumped at 978 nm
through a tapered optical fiber. An ultralow, green lasing threshold of 3 //W for 550 nm
emissions is measured.

This is one order of magnitude lower than that previously

obtained for ZBLAN microspheres. Optical bistability effects observed within the
microspheres indicate that this material is suitable for low-frequency, all-optical
switching.

The bistable mechanism is discussed and is attributed to shifts of the

whispering gallery modes due to thennal expansion of the sphere, where heating is
achieved by optical pumping around 978 nm.

The effect of the bistability on the

upconversion lasing is examined and we report multiple bistability loops within the
microspheres.

PACS numbers; 42.55.Sa, 42.65.Pc, 42.70.Ce

Electronic mail: Jonathan.ward@tyndall.ie

I. INTRODUCTION
The first description of a fliiorozirconate (ZrF4) glass was made in 1975.' ZrF4 itself is
not a glass, but forms one when mixed with other fluoride metals such as BaF2 or SrF2. In
general, these glasses are not stable enough for use in bulk samples or fiber drawing and
additional elements must be introduced, a common example of which is ZBLAN (ZrF4BaF2-LaF3-AlF3-NaF). Fluorozirconate (or fluoride) glasses have many properties which
make them ideal for low loss transmission in the 1.55 /jm region, e.g. a high transmission
over a large range of wavelengths. For example, Rayleigh scattering in fluoride glasses
has been predicted to be as low as 0.003-0.007 dB/km and measured at 0.025dB/km for
2.25 fm\? These glasses also have much lower phonon energies compared to silica
glasses and, thereby, a lower multiphonon edge.
In this paper, we report on solid glass microspherical resonators fabricated from a novel
fluorozirconate, ZBNA (ZrF4 - BaF2 - NaF - AIF3). ZBNA is a fluorozirconate ternary
glass with 4% mol of aluminum added for improved stability against devitrification,
thereby making it more suitable for glass processing and bulk usage. It is also doped with
1.8% mol of Er^^, a triply ionized rare earth ion which acts as gain medium at 1.55 /rni
when pumped at around 978 nm, and provides frequency upconversions due to excited
state absorption.

The interest in studying microspherical cavities arises from their

potential use across a range of applications from the very applied areas of all-optical
networks and bio-sensing, to fundamental experiments in which the microsphere can be
used for instigating atom-photon interactions.'* Such microcavities are generally active or
passive depending on the material used and the application being studied. For example,
we have previously shown^ that certain emissions from erbium-doped, ZBLALiP fluoride

glass microcavities are coincident with the resonance wavelengths of the D-2 transitions
in cesium and rubidium - atoms that are routinely used in cold atom experiments. We
have also demonstrated optical bistability in Er:Yb co-doped phosphate glass (IOG2)
microcavities,^ indicating their suitability as optical switches for all-optical computing
and as miniature C-band sources for telecommunications applications.
Here, we investigate the emission characteristics of Er^^-doped ZBNA microspheres
and demonstrate an ultralow green upconversion lasing threshold of 3

/JW,

which is ten

times lower than that previously reported for Er:ZBLAN pumped at 801 nm.^ We also
explore thenno-optically induced bistability within the microsphere as a function of pump
power and show that optical switching is feasible at low frequencies.
II. EXPERIMENT
We study Er-doped ZBNA microspheres with diameters ranging from 30-120 /an. The
microspheres are fabricated from glass powder using a microwave plasma torch and the
process has been described in detail elsewhere.^ A schematic of the experimental setup
used for acquiring the fluorescence and lasing is shown in Fig. 1. Pump light at 978 nm,
with a FWHM of 0.065 nm, is coupled into and out of the microsphere via a tapered
optical fiber,^ with a diameter of 1 /an. The tapers are fabricated by heating and pulling
single-mode fiber (Thorlabs, 1060XP) using an oxy-butane torch as the heat source. The
transmission through the taper is typically better than 90% compared to the untapered
fiber. Efficient coupling between the microsphere and taper was achieved by aligning the
microsphere equator precisely with the taper via the use of piezo-controlled, precision
translation stages. The 978 nm pump power is controlled using an electronic variable
optical attenuator, thereby enabling us to study the fluorescence and lasing characteristics

of the microsphere as a function of pump power. A 95:5 coupler is used to split the pump
beam into a 5% channel, for monitoring purposes, and a 95% channel, used as the source
of WGM excitation in the microsphere. Any radiation within the microsphere can be
evanescently coupled out into the exciting tapered fiber.

Alternatively, a grating

spectrometer (Ocean Optics USB 4000), with free space coupling, can be used to measure
the microsphere’s visible fluorescence emission spectrum. A fine spectrum of the green
emissions was acquired from a Princeton 0.75 m triple grating spectrometer (SpectraPro
2750) with a PixislOO camera. Light from the microsphere is also collected using a
microscope with up to xlOO objective. Note that the Pixis camera can also be used to
record the microscope image at low intensities.
III. RESULTS AND DISCUSSION
The absorption spectrum and phonon energy of ZBNA are nearly identical to those for
ZBLAN. The low phonon energy of these two glasses ensures a long lifetime of the
intermediate ‘^Iwn state in the erbium energy levels,' shown in Fig. 2. This leads to a high
upconversion rate, especially when pumped around 980 nm, making it impossible to
efficiently populate the

state, which is responsible for emission around 1.55

By pumping ZBNA at 978 nm we can study optical effects in the visible spectrum due to
the very efficient upconversion process. The results presented are mainly from three
spheres with diameters of 60, 75 and 90 /am. The upconversion spectrum from a 90 /ym
sphere is shown in Fig. 3 with 1.5 sec integration. The origin of the peaks in the emission
spectrum can be determined by looking at the erbium energy level diagram in Fig.2.'^ A
high resolution spectrum of the green upconversion fluorescence of a 60 /ym sphere is
shown in the inset of Fig. 3.

Figure 4 shows the intensity of the 550 nm radiation as a function of the estimated
absorbed pump power for the same 60 /jm diameter sphere as the inset to Fig. 3. The
green emissions were collected using a x20 microscope objective and detected using the
Pixis camera in imaging mode. We focus on the 550 nm peak by using a band-pass filter
with a 1 nm bandwidth. The integration time of the camera was set to 2 s. One can see
that the lasing threshold was ~ 3 /vW, based on the estimated pump power coupled into
the microsphere. This was the lowest threshold that we observed but could, in principle,
be much lower since it strongly depends on the ^-factor of the sphere (only ~10^ for the
spheres in this work), the coupling efficiency, and the loss in the taper. We estimated the
pump power coupled into the microsphere by multiplying the launched power into the
fiber by the taper transmission and the change in transmission when the microsphere is in
contact with the taper. An SEM image of a ZBNA microsphere is shown in inset (a) of
Fig. 4. The image shows the surface to be coated by a flaky layer, believed to be the
result of a process called devitrification."

Optical images of a 90 /rni sphere under

pumping at 978 nm using a tapered optical fiber are shown in inset (b) of Fig. 4 (viewed
from the side) and (c) (viewed from above). The mode, viewed from the side, is spread
out and this is due to the large number of scattering points in and around the mode path.
Despite the poor quality of the microspheres, we still observe very low lasing thresholds.
In earlier work,^ we demonstrated optical bistability over multiple wavelengths in a
IOG2 phosphate glass microsphere, attributed to a thermo-optical effect. Phonon
transitions excited after optical pumping around 978 nm generate heat in the glass. The
rise in temperature causes a change in the refractive index of the glass and the size of the
sphere, leading to a red shift of the cavity resonance positions. Boltzmann statistics can

be used to describe the strong thermal coupling and the population redistribution between
the two green levels in erbium, i.e. ^//n/2 and

and the intensity ratio of these two

levels is a function of the internal cavity temperature.

Using this method, we measure

the mode volume temperature in some ZBNA spheres to be -440 K. This is well below
the glass transition temperature of 528 K, but large enough to scan the cavity resonance
over 530 GHz at 978 nm, using the thermal shift rate for Endoped ZBLALiP as 0.012
nm/K,

which is assumed to be similar to that for ZBNA.

A sphere with a diameter

larger than 40 /an has a mode density high enough to ensure a coincidental pump/cavity
resonance condition. The thennal drift of the microsphere resonance and thermal
feedback near a pump/cavity resonance results in bistable behavior.
The bistable operation in a microsphere is described in detail by Mazumder et alP and
the effect is demonstrated experimentally by Carmon et al.P where a narrow (relative to
the cavity) linewidth pump laser is used. If the pump laser is initially blue shifted and is
then scanned towards a cavity resonance, the approaching resonance condition causes
heating of the cavity that is maximal at zero detuning. In this case,'*^ the cavity resonance
wavelength red shifts away from the pump wavelength (so the pump is chasing the cavity
mode). However, if the pump laser is initially red shifted and is then scanned towards the
cavity resonance, the approaching resonance condition again heats the sphere causing the
cavity resonance to red shift towards the pump wavelength. This produces a hysteretic
behavior to the transmitted pump power and the internal energy of the sphere as a
function of pump/cavity detuning.
The temperature increase observed by Carmon et alP for a resonant pump wavelength
was relatively small for a passive sphere, due to the low material absorption of silica at

1550 nm or 978 nm (for example). For Er^^-doped glass microspheres pumped with a
standard 978 nm diode laser, the high material absorption from the Er^"^ ions generates the
heat and this can be significant even when the pump and cavity are not resonant. A
simple, qualitative graphical model can be used to demonstrate the bistable behavior in
doped microcavities. In this model, illustrated in Fig. 5(a), the cavity and pump mode are
represented by the red and black Lorenztian line shapes respectively. The green circle is
the intersection of the two fields and maximum coupling occurs when the cavity mode is
at zero detuning from the pump mode. The trace of the green circle is shown in Fig. 5(b)
and represents the transmitted pump power. Heating the sphere by increasing the pump
power red shifts the cavity mode. As the cavity mode approaches zero detuning from the
pump mode, thermal feedback accelerates the scanning rate, quickly pushing the cavity
mode across the pump mode and the resonance appears as a narrow dip in the transmitted
pump power. Cooling the sphere by reducing the pump power decreases the diameter of
the sphere and the cavity mode is blue shifted back towards the pump mode. As the
sphere cools and the mode moves back towards zero detuning, the approaching resonance
condition tries to heat the sphere. The two opposing effects cause the cavity temperature
to decrease at a slower rate and, as a result, the resonance dip in the transmitted power
appears broadened, as shown in Fig. 5(b). This hysteresis causes the resonance dips in
the transmitted power to occur at two different pump powers and produces different
shapes. In this case, it is interesting to note that the apparent broadening of the resonance
is observed as the cavity is being blue shifted, in contrast to that reported by Carmon et
where the apparent broadening occurred as the cavity resonance was red shifted.
The scan rate of the cavity mode used in the model is shown in Fig. 5(c) and the shape of

the curve is detennined from temperature measurements made during actual experiments.
The shift rate of the cavity resonance is assumed to be around 0.012 nm/K, but the
nm/mW value is dependent on how far detuned the cavity mode is from the pump mode.
We have observed temperatures as high as 440 K in Er-doped ZBNA microspheres and,
typically, the temperature increases sharply (up to 50 K) when a coincidental cavity/pump
resonance is encountered. This increase in temperature on resonance depends on how
much pump power is launched into the pump mode.
Doped microsphere lasers are most efficient when the pump laser is tuned to the
fundamental cavity resonance. If the cavity is blue shifted from the pump/cavity
resonance then small changes in the pump power or themial fluctuations can cause
unstable laser operation [see unstable region marked in Fig 5(a)]. For example, if the
ambient temperature or pump power increases then the cavity resonance shifts toward the
pump, thereby adding to the temperature.

This thermal feedback causes the cavity

resonance to hop over the pump mode. The thermal feedback becomes worse with higher
pump powers. Alternatively, if the pump power or ambient temperature decreases then
the cavity resonance moves away from the pump, thus cooling the cavity further. If the
cavity is red shifted from the pump/cavity resonance then the cavity will self-stabilize
against small changes in temperature or pump power [see stable region marked in Fig
5(a)]. For example, increases in temperature will shift the cavity resonance away from
the pump mode, thus reducing the temperature, while a decrease in temperature will shift
the cavity resonance towards the pump mode causing an increase in temperature.
In the following experiments, the launched 978 nm pump power was linearly increased,
then decreased and the transmitted pump power was recorded [c.f Fig. 6(a)]. At the same

time, the scattered 978 nm pump power was collected in free-space using a multimode
fiber [c.f Fig. 6(b)]. The green upconversion fluorescence was collected simultaneously
using a second multimode fiber and sent to a SensL'^ dual-channel avalanche photodiode
(APD) and photon counting module, see Fig. 6(c). To improve the signal-to-noise ratio
the scattered pump power was filtered out. The bistable operation is as follows: the pump
wavelength is stationary and the cavity modes red shift as the pump power is increased.
As a resonance condition approaches, thennal feedback accelerates the scanning rate and
quickly pushes the cavity resonance across the pump field causing a sharp spike in the
scattered spectrum in Fig. 6(b) and a sudden dip in the forward transmission in Fig. 6(a).
Initially, the temperature increases linearly, but then undergoes a sharp increase on
resonance. After the resonance the temperature increases further due to material
absorption. Reducing the pump power should bring the cavity resonance back across the
pump field in the same fashion and the microsphere cools. However, the approaching
resonance tries to maintain the higher temperature of the sphere. The two competing
effects conspire to reduce the scan rate. The sudden drop in the scattered intensity occurs
when the cavity goes past the resonance condition with the pump and causes the
temperature to drop sharply. The cavity resonance is then accelerated away from the
pump field. The intensity of all the upconversion channels closely follows this bistable
operation. However, the green emission has the largest contrast ratio and is shown in Fig.
6(c). In some microspheres the contrast ratio between the low output state (1) and the
high output state (3) can be as high as 125. Fig 7 shows the scattered green emissions
collected from a 75 /jm ZBNA sphere as the pump power is linearly increased then
decreased. The multiple intensity jumps correspond to multiple coincidental cavity/pump

resonances. This behavior was typically observed in larger spheres (>70

/jm)

where the

cavity mode density is sufficiently high to allow multiple bistable loops to occur.
Finally, in a separate experiment, the latching behavior of the bistable switch was
investigated and is illustrated in Fig. 8. At point 3 in Fig. 8 the pump power is the same as
at point 1. However, the green fluorescence intensity at point 3 is 15 times higher than at
point 1. The green intensity remains high until the power is reduced at point 4 and this
resets the latch. The frequency of the pump signal is only 0.11 Hz and is limited by the
speed of the variable attenuator. The maximum speed of such a switch would be limited
by the thermal properties of the glass, but is expected to be a few' hundred Hz.
V. CONCLUSION
In conclusion, we have demonstrated lasing and fluorescence from ZBNA microspheres
fabricated using a microwave plasma torch and pumped at 978 nm. ZBNA is a novel
erbium-doped, fluorozirconate glass designed for glass processing.

SEM and optical

images indicate that the quality of the spheres is relatively poor. However, the measured
lasing threshold is exceedingly low at 3 //W, i.e. ten times lower than that obtained for
ZBLAN microspheres. Optical bistability within the ZNBA spheres has been observed
and explained by a graphical model. From this we see that self-stabilization against small
changes in pump power or temperature can be achieved if the cavity is positively detuned
from the pump/cavity resonance.

Multiple bistable loops, corresponding to multiple

coincidental pump/cavity resonances, have also been demonstrated.

A separate

experiment illustrating the latching behavior of the microspheres shows that these devices
could be suitable as low frequency, all-optical switches.
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FIG. 1. Schematic of experimental setup.
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FIG. 2. Erbium energy level diagram showing the transitions of interest for 978 nm
pumping. The transitions are T1 = 470 nm, T2 =492 nm, T3 = 520 nm, T4 = 540 nm, T5
= 656 nm, T6 = 667 nm, T7 = 793 nm, and T8 = 849 nm.
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FIG. 3. Scattered upconversion fluorescence from a 90 //m ZBNA sphere. The intensity
within the box and lying between 500-600 nm was reduced by a factor of 40. Inset: fine
spectrum of green emissions acquired from a 60 fjm ZBNA sphere.
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FIG. 4.

Intensity of the 550 nm output vs estimated pump power. The solid line is a

linear fit. Inset (a) SEM and inset (b)-(c) optical images of ZBNA microspheres. Inset (b)
is a side view and inset (c) is a top view of the same sphere.
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FIG. 5. Graphical model illustrating optical bistability in a doped microsphere.

(a)

Cavity mode (red) as a function of detuning from the pump mode (black). The cavity
mode scans back and forth across the pump mode and the green circle marks the
intersection between the two modes, (b) Trace of the green circle representing the
transmitted pump power, (c) Scan rate of the cavity mode used in the model. The shape
of the curve is detennined from experimentally measured temperatures and the arrows
indicate increasing or decreasing pump power.
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FIG. 6.

(a) Transmitted pump power vs launched pump power.

The steps in the

transmitted power are due to the variable attenuator, (b) Scattered pump power vs
launched pump power, (c) Scattered upconversion fluorescence intensity vs launched
pump power.

Data was acquired from a 75 /jm diameter sphere.
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FIG. 7. Multiple bistable loops corresponding to multiple coincidental pump/cavity
resonances. The curve at low power is due to the electronically controlled variable
attenuator.

FIG. 8. Scattered upconversion fluorescence (black curve) and pump power (red curve)
vs time. Points 1 -4 indicate the switching states for the fluorescence.
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